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ABSTRACT

Rose, Melissa A. Ph.D., Purdue University, December 2014. Investigation and Modeling
of Uranium Polarization for the Electrorefining of Scrap U-Mo Foils. Major Professor:
Audeen W. Fentiman.

A uranium molybdenum alloy fuel has been proposed to convert research and test reactors from
highly enriched uranium to low enriched uranium to increase the proliferation resistance at such
reactors. Pyroprocessing has been selected to recover uranium from the scrap produced in the
manufacture of this novel fuel type. Electrorefining, the main separation process of
pyroprocessing, is modeled through a novel approach using corrosion theory. To use corrosion
theory, knowledge of uranium polarization and kinetic parameters such as Tafel constant,
transfer coefficient and exchange current density are required. Uranium polarization was
investigated at five temperatures and three scan rates in both the anodic and cathodic
directions. Anodic polarization of uranium revealed complex behavior caused by a buildup of a
film-like material. This material was identified as a precipitate, K2UCl5, which forms as U3+ ion
concentration exceeds a solubility limit in the diffusion layer adjacent to the electrode surface.
The presence of the film material on the anode caused the polarization to experience reduced
current density and a passive region of overpotential where current density was independent of
overpotential. At large overpotentials, >250mV, active dissolution behavior was observed. The
temperature dependence of the polarization behavior was examined and supports the
conclusion that precipitation of K2UCl5 is the cause for the behavior.
Kinetic parameters were obtained from polarization data taken carefully in the pre-Tafel
region to avoid film formation interference. The Oldham-Mansfeld method was used to analyze
the data and obtain polarization resistance, Tafel constant, transfer coefficient and exchange
current density values of high precision. The data were compared to the values available in the
literature. Tafel constant values agreed reasonably well, while exchange current density did not.

xiii
Errors in the methodology used in the literature to produce the exchange current density values
were identified as the potential cause of the disagreement.
The complex uranium polarization behavior observed in the experimental work was
modeled empirically and the empirical polarization model implemented in an electrorefiner
model constructed in MatLab using corrosion theory. The model was compared to data
obtained by experiment at laboratory-scale. The comparison demonstrated that the empirical
polarization model developed is a good first approximation of the electrochemical behavior of
the system, but a physically meaningful model should be developed in the future to better
elucidate the chemistry in the system.
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CHAPTER 1: INTRODUCTION

1.1 Motivation
The proliferation of highly enriched uranium (HEU) is a major concern around the globe.
HEU is classified as weapons grade uranium and could be proliferated or diverted from peaceful
uses to the production of weapons of mass destruction. Minimizing the risk of proliferation is
therefore desired. One pathway for HEU diversion is through research and test reactors, some
of which use HEU fuel to operate. These reactors are used as an educational tool, enabling new
nuclear engineers and reactor operators to apply theory learned in the classroom in order to
operate reactors safely. The reactors are also used to make advances in nuclear medicine and
nuclear science. Therefore, it is essential that these research and test reactors continue to
operate despite the proliferation risk. The Reduced Enrichment for Research and Test Reactors
program, RERTR, is aimed at adapting these reactors to accept uranium fuels with a lower level
of enrichment (i.e., less than 20% U-235) (LEU)thus, reducing the proliferation risk. This program
is managed by the Office of Nuclear Material Threat Reduction, a subsidiary organization of the
National Nuclear Security Administration (NNSA)[1, 2].
One way to adapt research and test reactors to LEU fuels is to use high density metallic
fuels. A new LEU fuel type proposed by the RERTR program is monolithic uranium molybdenum
alloy bonded to zirconium. Idaho National Laboratory and the Y-12 National Security Complex
have made preliminary efforts at manufacturing this new fuel [3, 4]. There are five reactors in
the U.S. that will be adapted to use this fuel and up to seventeen internationally that are
eligible. The manufacture of fuel for the five domestic reactors could produce up to 2400kg per
year of scrap [5]. The scrap would consist of out of specification fuel elements, material holdup
recovered from equipment and excess material from casting and shaping the fuel elements. The
uranium in this scrap can be recovered pyrochemically to reduce manufacturing loss.
Pyroprocessing is a technology designed to reprocess used nuclear fuel from fast reactors.
However the flowsheet is adaptable to many fuel types [6, 7, 8, 9]. It relies on an
electrochemical separation process called electrorefining to separate actinides from impurities
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such as fission products. While electrorefining is well understood for common metals like
copper, its application to the treatment of nuclear fuel alloys is less well understood. An
understanding of how the new fuel design proposed by RERTR will perform in an electrorefiner
is necessary to predict the uranium recovery rate and to design a pyroprocessing facility.
The U-Mo alloy fuel design has a plate-type geometry with cold rolled zirconium bond,
which limits the exposed uranium surface area [3, 4]. Understanding how this limited exposure
area will affect current efficiency in the electrorefiner and recovery rate of uranium is essential
to designing an effective recovery facility. More importantly, uranium and its alloys have been
shown to be prone to the buildup of a film-like material on the anode during electrorefining and
a complete understanding of the formation of the material and its effect on electrorefining has
not been determined [10, 11, 12]. These films have been seen on hafnium, U-Zr alloys, U-Zr-Pu
alloys and pure uranium [11, 12, 13, 14]. Understanding the effect this material has on process
variables such as polarization response, current efficiency, effective surface area and dissolution
rate, is necessary to produce an accurate model of electrorefiner performance. It would be
beneficial to determine the conditions under which the material forms and to determine if there
exists a set of conditions that will prevent its formation. This knowledge will not only benefit the
recovery of scrap U from U-Mo alloy fuels but will benefit the current understanding of uranium
electrochemistry in molten halide salts.
1.2 Goal
The goal of the research is to develop an understanding of the chemistry occurring at
uranium containing anodes during electrorefining, which includes a detailed understanding of
uranium polarization, identifying the composition, effect and formation mechanism of the
observed film-like material, and identifying possible ways to improve uranium dissolution during
electrorefining. A corrosion chemistry approach will be used to address the goal such that the
polarization behavior of uranium as well as electrochemical constants for example, Tafel
constant, exchange current density and transfer coefficient, will be determined for the
oxidation/reduction couple of U/U3+. That information will be combined with the physical
characteristics of the film to establish the behavior of uranium during the electrorefining
process.
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In quantifying the effect of the film-like material on uranium polarization, a detailed
empirical model will be developed from the experimental electrochemical data. An engineering
model for electrorefining will be built in MatLab, which will use a classical corrosion theory
approach not previously applied to nuclear fuel materials in conjunction with this empirically
developed polarization model, to describe electrorefining. Classical one-dimensional diffusion
theory will be used in place of three-dimensional fluid dynamics to limit the computational
power necessary and because the systems being modeled do not require advanced fluid
dynamics for accuracy. The model will be compared to experimental data from electrorefiner
tests at laboratory-scale to evaluate the performance of the developed polarization and
corrosion models.
1.3 Organization of the Dissertation
This dissertation will begin with a description of pyroprocessing, followed by
experimental experience and modeling theory for electrorefining. The equilibrium,
electrochemical and corrosion theory approaches to electrorefiner modeling will be discussed. A
summary of work done in the fields of anodic film modeling and dendritic deposits will be
presented. Chapter 3 will describe the experimental techniques, materials and equipment used
to gather data. It will also describe the mathematics implemented in the electrorefining model
constructed in MatLab. Chapter four will present results from the electrochemical experiments,
Tafel constant and exchange current density experiments and calculations, and the
development of an empirical polarization model. It will describe the results of electrorefiner
model simulations using the developed polarization model and a comparison with
electrorefining test data. Chapter five will discuss the features observed in uranium polarization
behavior, the impact of anode film formation, identify the composition of the film, the reason
for its formation, and ways to prevent its formation. Also discussed will be the quantification of
uranium polarization behavior, which was observed during the electrochemical experiments.
The advantages and shortcomings of the model will be assessed through comparison to
laboratory-scale data. Chapter six will summarize the main contributions of this work to the
fields of uranium electrochemistry, electroseparations, and pyroprocessing of nuclear fuels.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction to Pyroprocessing
Pyroprocessing is a general set of techniques used to separate materials from one
another using molten salts and liquid metals. Pyroprocessing techniques were developed to
purify metals from alloys. In the case of the LEU fuel scrap of interest here, U-Mo alloy bonded
to Zr, the thermodynamics are favorable for a separation of U from the two less electroactive
metals, Mo and Zr, by electrorefining [5]. A specific flowsheet of pyroprocessing techniques has
been developed to reprocess or purify spent nuclear fuels utilizing electrorefining as its main
separation process [6]. This flowsheet has been proposed for the recovery of U from U-Mo alloy
Zr bonded fuel.
The pyroprocessing flowsheet designed for reprocessing consists of four major steps;
fuel preparation, electrorefining, cathode processing and salt recycle. The first step, fuel
preparation, mechanically sections the fuel so that it is compatible with the electrorefiner. In the
case of an oxide fuel, reduction to metallic form would also be required prior to electrorefining
[6, 15, 16, 17]. Electrorefining, the second step in pyroprocessing, employs an overpotential to
drive chemical reactions, simultaneously dissolving the components of the fuel into a molten
salt at the anode and depositing dissolved components at a cathode in solid metallic form. The
material deposited at the cathode is then collected and sent to the third step, cathode
processing. The material is removed from the cathode, residual salt distilled and the metal
consolidated into an ingot form, from which future fuel can be cast. The last and optional step is
salt recycle. This step could be neglected by periodically removing the salt as waste. However to
close the cycle, the salt should be purified and recycled to the electrorefiner [6, 15, 16, 17].
A more common method of reprocessing nuclear fuels is aqueous processing, where
oxide fuel is dissolved in acidic media and undergoes liquid-liquid extraction. Aqueous
reprocessing produces an oxide product, suitable for disposal, or recycle to commercial oxide
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fuel fabrication. Metallic fuel would require two additional steps to be treated in this way; the
first would be dissolving the metal fuel in acid and the second, converting the oxide product to
its metal form [6]. Despite these additional required steps, an aqueous alternative to
pyroprocessing for the treatment of U-10Mo dispersion alloy bonded to zirconium was studied
at Argonne National Laboratory in 2009 [18]. Because the reagents used in this process can form
explosive mixtures when in contact with zirconium, a prohibitive amount of HF is required to
stabilize the solution [18]. Due to this complication, research into this alternative for processing
of U-Mo alloys was abandoned. Thus, pyroprocessing was identified as a leading option for the
recovery of uranium from U-Mo alloy scrap from the manufacture of blended down LEU
research reactor fuel.
2.2 Electrorefining
Electrorefining, the second and most important step in pyroprocessing, involves the
anodic dissolution and cathodic deposition of a species of interest from an alloy or mixture. It
exploits differences in standard potential between materials to cause the desired separation. An
electrorefiner consists of a vessel containing a molten salt electrolyte through which the desired
ion will pass. Typically, LiCl-KCl eutectic salt at 450-500°C is used as the electrolyte for nuclear
material processing. Immersed in this electrolyte is a fuel basket containing the alloy or mixture
from which the desired material is to be extracted. Also immersed is a cathode, a solid or liquid
surface at which the desired ion will reduce and deposit. The reactions taking place are
oxidation of the metal at the anodic fuel basket and reduction to a metal at the cathode. A
potential must be supplied to drive the reactions at each electrode. The potential chosen will
dictate which reactions will occur. Every metal has a standard potential below which it will
oxidize to become an ion, which is soluble in the electrolyte and above which it will take its
reduced form [6, 15, 16, 17]. This concept is illustrated by the potential line, as seen in Figure
2.1.

Fe2+ Fe
Mo3+ Mo
0.02 V

U3+ U
Zr4+ Zr

0.22 V

1.23 V

Li+ Li
K+ K

1.44 V

2.7 V

2.82 V

Figure 2.1: Standard Potentials for Species in the U-Mo-Zr System in LiCl-KCl Eutectic [19]
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In the context of Figure 2.1, setting the anode potential to 1.3V would produce U3+ ions
at its surface while not producing zirconium or molybdenum ions. Similarly, setting the cathodic
potential at 1.5V would reduce U3+ ions to uranium metal at its surface without reducing the Li+
and K+ of the electrolyte. Potentials in Figure 2.1 are with respect to the Ag/AgCl standard
potential. In laboratory scale electrochemical cells, it is standard practice to use a reference
electrode to accurately monitor and maintain electrode potentials. The Ag/AgCl reference
electrode is frequently used in chloride systems [6, 15, 16, 17].
The ions produced at the anode add to the concentration of that ion in the molten salt.
At the cathode the ions deposit, depleting the concentration of that ion in the molten salt near
the cathode surface. This general concentration profile between anode and cathode is shown in
Figure 2.2.

Figure 2.2: A Schematic of the Two Layer Anode/Film Structure in the Electrorefiner
Figure 2.2 is a physical model of the anode-cathode system and illustrates the various
regions of the molten salt that may exist between an anode and cathode during electrorefining.
The diffusion layers have thickness, δ, and a film or anode surface layer, if it forms, has
thickness, μ. Concentration is traditionally assumed constant across the bulk of the electrolyte
with the transport occurring in the near- interface regions.
2.3 History of Electrorefining
Electrorefining has been used to purify and/or recover many different metals; copper,
zinc and iron to name a few [20]. Its use in metal production industries is quite common. Its
development for nuclear materials occurred just prior to World War II. Electrodeposition of
uranium from molten salts was first published in 1930 from a NaCl-KCl melt [21]. The process
was used in the Manhattan Project to purify materials for use in atomic weapons. In 1944
electrochemical methods were used to produce milligram quantities of plutonium at Los Alamos
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National Laboratory [22]. In 1960, the first small scale electrorefining of plutonium was
published where the product was collected as a liquid and later frozen into a solid [17]. This
refining both purified plutonium and recovered plutonium from scrap; just as U from scrap UMo, Zr bonded alloy is intended to be recovered [22].
The first major project that advanced research in uranium electrorefining was the
Integral Fast Reactor (IFR) design developed by Argonne National Laboratory (ANL) in the 1980s.
The IFR concept included on-site pyroprocessing to recover transuranic elements (TRU) and
uranium from metallic used fast reactor fuel, recycling it to the fast reactor and minimizing
waste [16]. Japan’s Central Research Institute of Electric Power Industry (CRIEPI) in a joint fuel
cycle study with the United States Department of Energy (DOE) began experiments developing
electrorefining for the pyroprocessing flowsheet in the 1980s as well [10]. In 1996, the entire
pyroprocessing flowsheet was constructed including the electrorefining unit.
Fuel from the Experimental Breeder Reactor-II (EBR-II) has been processed at the Idaho
National Laboratory (formerly Argonne National Laboratory-West, INL) since June of 1996 using
electrorefining systems designed for IFR. The flowsheet was successfully demonstrated at
kilogram scale for a study evaluated by the National Research Council in 1996 [16]. Since 2002,
the Advanced Fuel Cycle Initiative, a U.S. DOE program under the Office of Nuclear Energy has
pursued research in electrorefining [10]. International collaboration on electrorefining work for
pyroprocessing applications has taken place between the U.S., researchers at the Central
Research Institute of Electric Power Industry of Japan (CRIEPI), and researchers at the Korean
Atomic Energy Research Institute (KAERI).
Several designs of electrorefiners have been published. Early designs used a NaCl-KCl
electrolyte and collected liquid plutonium at the bottom of the cell [22]. A series of small scale
electrorefiners were designed and tested and subsequently used as the basis for the Mark-IV
engineering-scale electrorefiner. The Mark-IV electrorefiner was designed to treat EBR-II fuel in
the early 1990s as part of the IFR program. A notable design feature of the Mark-IV
electrorefiner was a liquid Cd cathode in the bottom of the cell as a secondary cathode at which
soluble fission products were collected. This collection of fission products was intended to
prevent these species from codepositing with the U product at the solid cathode by removing
them from the molten salt as they anodically dissolved [16, 23]. This approach also extended the
life of the molten salt electrolyte by keeping it relatively impurity free. In 1996, Miller, Gay and
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Tomczuk received a patent for an electrorefiner design having cruciform anode baskets inside of
a large cylindrical hollow cathode. The design accommodated a liquid cadmium cathode as well
[24].
The Mark-V electrorefiner was an attempt to increase throughput from the Mark IV
electrorefiner and to streamline the process in an effort to lower processing costs. Self-scraping
cathodes removed deposit at regular intervals and the liquid cadmium cathode at the bottom of
the system was abandoned [16, 25]. To increase throughput, the anode to cathode spacing was
decreased. This design required self-scraping cathodes but allowed for larger currents and made
room for more anode-cathode pairs in the vessel. Ahluwalia et al. modeled the Mark-V design in
2003, optimizing its operation to achieve a 60 to 70% higher throughput [25]. Researchers at
ANL improved upon the Mark-V design, achieving higher throughput with a planar electrode
design [26]. The planar electrode electrorefiner (PEER) does not use the cadmium cathode, or
self-scraping cathodes of the Mark V design. It instead uses a planar anode with a series of
cylindrical cathodes [26].
A common phenomenon observed in any electrorefiner design which uses LiCl/KCl
eutectic as the electrolyte, and which refines uranium, is a dense anode layer or residue that
forms when potential is applied to the anode. Iizuka observed this material in electrorefining
studies of U-Zr and U-Pu-Zr alloys [27, 28]. The material was so persistent that Iizuka recently
developed a treatment process for the recovery of metals from this material. Distillation is used
to improve process throughput by separating salts from the remaining noble metals in the
anode residue [29]. Iizuka’s analysis of the dense anode layer asserts that the material is a phase
of the remaining Zr metal in the alloy that inhibits the passage of current by presenting a
diffusion barrier. This analysis does not explain why a similar material appears on pure uranium
metal as it has been observed in the course of electrorefining studies at Argonne National
Laboratory [30,31].
Experience with the material at Argonne has shown it forms on pure uranium as well as
uranium alloys and will reach such a thickness as to form flakes of material. Figure 2.3 shows a
uranium bar covered in this film-like material with one corner having been knocked away [30].
The material limits the achievable current density of the electrorefining process and therefore
the rate of dissolution. It also creates a two-step potential rise at the start of galvanic operation,
as seen by Iizuka [28] and researchers at ANL [30]. This behavior suggests that its growth and/or
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effect may be potential dependent as well. Developing a model of this dependence would
further the understanding of how this anode layer might impact the electrorefining of uranium
for recycle.

Figure 2.3: Photograph of Electrorefined Uranium Bar With Film Removed From the Upper Right
Corner [30]
2.4 Equilibrium Modeling
Electrorefiner mathematical modeling has been researched since the early 1990s in an
effort to better understand the factors influencing electrorefiner yield, throughput and product
purity. Electrorefining is based on redox exchange reactions, which occur at the anode and
cathode surfaces. Electrons are supplied to the cathode to reduce ionic species and electrons
are drawn away from the anode as species are oxidized to their ionic form. In the case of
electrorefining for nuclear fuels, molten salt chlorides are traditionally used as the electrolyte.
Thus the redox reactions take the form of Equation 2.1, where the forward reaction is reduction
of the ion Mn+ to metal M and the backward reaction is oxidation of metal M to the ion Mn+ [15].
    ↔ 

2.1

One assumption that has been made in the modeling of electrorefining is that these
reactions proceed to equilibrium at each electrode. The change in Gibb’s free energy due to a
reaction is directly related to its equilibrium constant, Ke, as shown in Equation 2.2. The standard
potential of the reaction can be related to the change in Gibb’s free energy for the reaction
(ΔG0rxn) as shown in Equation 2.3. Thus knowing the standard potential, it is possible to find the
equilibrium constant. This equilibrium constant is equal to the ratio of the activity of product
species to the activity of reactant species, raised to the power of their stoichiometric
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coefficients as shown in Equation 2.4 [7]. Activity of a species is equal to the product of its
activity coefficient and its equilibrium concentration.
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In Equation 2.2, R is the universal gas constant and T is the temperature of the molten
salt medium. In Equation 2.3, n is the ionic valence of the species and F is Faraday constant. The
standard potential in Equation 2.3 is the same as that illustrated in Figure 2.1, which dictates at
what potential a material will either oxidize or reduce. Many researchers have provided
tabulated ∆Go and standard potential values for the oxidation/reduction reactions of used
nuclear fuel constituents [6, 15, 16, 17]. Using the set of equations outlined above, it is possible
to model the equilibrium concentrations of species at the surface of an electrode based on the
species present and the potential of the electrode.
Ackerman, in 1991, used equilibrium mathematics to describe a three electrode system
in his electrorefiner modeling [15]. A single anode transported the bulk of the uranium from the
fuel to a solid cathode while the remaining uranium and transuranics transferred to a liquid
cadmium electrode. The codeposited product, recovered in the cadmium electrode, was
intended for reuse as core fuel while the pure uranium collected at the solid cathode was
intended to be blanket fuel for the fast reactor of the IFR program [15]. Tomczuk’s work in 1992
showed good agreement with Ackerman’s equilibrium modeling [7]. Analogous equilibrium
mathematics were used by Nawada, Bhat and Subramanian, in 1995, to find equilibrium
concentrations of the eutectic salt and liquid cadmium phases in an electrorefiner. The
equilibrium models presented by Ackerman and Nawada are useful tools in determining the
chemical feasibility of electrorefining schemes but are insufficient to simulate the detailed
operation of electrorefiners as they require the electrorefiner to reach an equilibrium point,
which may not be achieved in normal operation.
One underlying assumption in both Ackerman and Nawada’s mathematics is that an
equilibrium condition exists at the interface between two phases, with constant bulk
concentration in each phase. This assumption does not allow the models to predict the effect of
the diffusion layer at each electrode arising from non-equilibrium mass transport, as seen in
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Figure 2.2. Nor does it account for the generation of anodic film-like material seen in
experimental work, also shown in Figure 2.2. Other conditions that equilibrium models fail to
predict are system behavior at startup and shutdown [7, 32]. Understanding non-equilibrium
conditions can lead to improvement of electrorefiner operation.
2.5 Electrochemical Modeling
To account for regions of the electrorefiner not at equilibrium, electrochemical
modeling often incorporates transport theory for increased accuracy in prediction of
electrorefiner behavior. In 1993, Kobayashi and Tokiwai developed the TRAIL model [33]. The
TRAIL model simulated both a solid cathode and a liquid cadmium cathode for the treatment of
used nuclear fuel [33]. The solid cathode collected pure uranium and the liquid cathode
collected the transuranic species. The model assumed Nernstian behavior at interfaces, a
constant bulk concentration and linear diffusion in the diffusion layer present at the interfaces.
Diffusion was the only bulk transport method accounted for in the model. This approach
neglects the voltage induced electrical driving force for ions across the salt.
The Nernstian behavior at interfaces was predicted by a classical Nernst equation, as
seen in Equation 2.5, written for the salt-cadmium interface [33]. E represents voltage or
potential, with the subscript ‘a’ denoting at the anode and the superscript ‘0’ denoting standard
potential. The symbol n is ionic valence of species x, F is Faraday constant and X is the
concentration of a species in a particular phase. The subscript ‘as’ indicates at the surface of the
interface.
,0 12!3 4 12!3
 / " 5 215 6
.
0" 421
"

 =    

2.5

The second and third assumptions, made by Kobayashi and Tokiwai, addressing
diffusion behavior were modeled by Equation 2.6 [33]. As current density, i, is an indicator of
material flux, it is used to describe the diffusion rate. In Equation 2.6, D is the diffusion
coefficient, and δ is diffusion layer thickness. Superscript ‘a’ represents anodic current, and
subscript ‘bulk’, represents the uniform concentration assumed over the bulk of a phase.
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This model reproduced experimental data at low uranium salt concentrations quite well.
It was able to reproduce variations in local concentration near the electrodes thereby
accounting for non-equilibrium behavior. An optimal diffusion layer thickness was found to be
0.002cm for the solid cathode [33]. As the parameters D and δ both strongly rely on the
hydrodynamic conditions in the cell, the functions representing these parameters would need to
be investigated for accurate representation in other systems.
Simpson of INL, and Kim of KAERI, in 2007, developed mathematical models for
electrorefining operations with applications to transmutation systems [34]. Kim produced a
computational fluid dynamics (CFD) model of a stirred system producing maps of current
density, fluid velocity and concentration inside an operating electrorefiner [35]. As convection
enhanced diffusion was assumed to be the only method of transport for ions across the cell, the
fluid dynamics of the cell would dictate its operation, allowable current and yield. CFD is a
common technique for accurately determining the fluid dynamics of a system, though it is
computationally intensive. There was no cadmium electrode in the system modeled by Kim. The
model was constructed in a typical framework for CFD work, ANSYS CFX-11.0 using FORTRAN.
CFD treats the molten salt as an incompressible Navier-Stokes fluid, using the Navier-Stokes and
continuity equations to describe its behavior, as shown in Equations 2.7 and 2.7. In these
equations, ρ represents density, v velocity, P pressure, μ viscosity and Sv the source of
momentum, or the convection caused by stirring.
CD
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Equation 2.7 can be adapted to concentration in the place of velocity thus allowing for
calculation of each species’ concentration throughout the electrorefiner [35]. Kim then
introduced a non-equilibrium calculation of current at the interface using the Butler-Volmer
equation. This approach is common for metal-ion systems where electrode kinetics are
dominant [35]. However at large overpotentials both electrode kinetics and mass transport play
a role. The form used by Kim is shown in Equation 2.9, with an accompanying definition of
exchange current, i0, shown in Equation 2.10.
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In Equations 2.9 and 2.10, η represents overpotential, or voltage supplied above the
standard potential for the system, n the ionic valence and α and k0 are kinetic parameters.
Superscripts of s and bulk indicate the position from which that concentration is taken, surface
or bulk. Subscripts O and R, represent the oxidized and reduced species at each electrode. If the
kinetic parameters can be found from experiment then the current at each electrode can be
estimated based on the applied amount of overpotential and the concentrations of species at
the interfaces. However, it is important to note that the concentration at the interface of the
reduced species is difficult to measure as the reduced species in this case is insoluble. Use of
these concentration factors may be erroneous in the case of an insoluble reaction product as
discussed in Bard and Faulkner [36].
In order to solve the system of equations outlined by Kim, Kim applied boundary
conditions. Kim’s model required that any applied current be equivalent to the current flux
meaning no loss of current. For concentration, Kim applied a source/sink condition (Sc) at the
electrode surfaces as shown in Equation 2.11.
`

J^ = ± .

2.11

For the CFD analysis, a no slip condition was applied to solid surfaces and a free slip
condition to liquid-gas interfaces. Kim then wrote a balance of the voltage across the cell,
accounting for ohmic drop, activation polarization at each electrode, and thermodynamic
equilibrium voltage. Kim’s model was not benchmarked against electrorefiner data thus its
validity is still in question, though it relies on well-established mathematics [35].
Hoover published an electrorefiner model in 2009 as well, working with his associates,
Phongikaroon, Li, Simpson, and Yoo [37]. The focus of Hoover’s model was the electrorefining of
EBR-II fuel, a U-Zr alloy. The main difference between the Kim and Hoover models was that
Hoover did not use an electrochemical reaction rate. Similar to the TRAIL model, Hoover used
the Nernstian equilibrium relation shown in Equation 2.5 [37]. Hoover then calculated the
transfer rate of species from the electrode to the salt phase via Equation 2.12, where N is mass
transfer rate, k is the mass transfer coefficient, and A is electrode surface area.
a` = V` bA WX`,? − X`,?@A ]
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The current arising in the cell due to a particular species or a partial current, Ii, can be
calculated from Equation 2.13. Hoover then uses a Butler-Volmer equation similar to that which
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Kim used to determine the total current arising from the exchange of species between phases
[37]. The current calculated from the Butler-Volmer equation was required to equal the sum of
the partial currents thereby electrically balancing the model. This model was constructed in
MATLAB, was not benchmarked and assumed equilibrium behavior at the electrode surfaces.
Later in 2009 Hoover et al. again published concerning this model, discussing the effect
of alloy dissolution [8]. The model was modified to include a changing bulk concentration and a
Sherwood correlation accounting for stirring effects in the mass transfer coefficient, k. The
model was compared to existing experimental data from the EBR-II program. The model
predicted negative valued resistances, which is physically impossible [8]. These negative values
are likely caused by improperly using referenced potentials (Ea-Eo) in the Nernst equation.
In 2010, Hoover et al. again published concerning their electrorefiner model [23]. The
model was again modified, this time to include a three part flux calculation rather than the
single stage shown in Equation 2.12. Flux was described as having an electronic migration term,
a diffusive term and a convection term. The flux, Ni, driven by these three transport mechanisms
is shown in Equation 2.14.
a` = −` e` X` ∇f − 8` ∇X`  X` E
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In Equation 2.14, ui is the ionic mobility of species i, and φ is the potential of the
electrode. As in the previous versions of the Hoover et al. model, Equation 2.13 is then applied
to determine the partial currents associated with each species and these partial currents are
summed to find a total current for the cell. The negative valued resistances continued to appear
in this version of their model for the same reason, use of electrode potential versus an improper
reference potential in the calculation of equilibrium behavior [38].
Also in 2010, Choi et al. of Korea constructed a model similar to Kim’s, where a CFD code
was coupled to a modified Butler-Volmer equation like that shown in Equation 2.9 [39]. Choi
incorporates the three part driving force flux published by Hoover. Choi’s model has yet to be
benchmarked so the validity of this method needs verification.
The standard approach in electrochemical modeling is a computationally intensive
pairing of CFD and Butler-Volmer kinetics. The use of CFD accounts for the diffusion region and
is therefore an improvement over equilibrium modeling. For the PEER design, a CFD approach
would be unnecessary, as the electrolyte is stationary; there is no stirring in the proposed
designs. The ions are transported by ionic migration and conduction only. The Butler-Volmer
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approach typically paired with CFD does not account for concentration polarization, the anodic
dissolution caused and limited by the anode surface concentration of an ion or the insoluble
nature of the product. Butler-Volmer modeling also neglects the layer of film which has been
seen at the anode.
2.6 Corrosion Theory
Corrosion theory is an established field commonly applied to aqueous systems
containing transition metals or their alloys. Its application to nuclear materials in a non-aqueous
environment is novel. In the nuclear industry, corrosion is universally thought of as an aqueous
process affecting structural materials such as vessels, cladding and piping. It is not discussed as a
desirable outcome during reprocessing, nor is its utilization or enhancement discussed.
According to the text by Jones, “Corrosion is the destructive result of chemical reaction
between a metal or metal alloy and its environment.” [40]. This reaction, by definition, includes
electrochemical oxidations affected in molten salts, or anodic dissolution in electrorefining.
Pyroprocessing is therefore an enhancement and utilization of corrosion to affect a material
transfer. It is logical then that the mathematics associated with aqueous corrosion theory may
be applied to pyrochemical systems, with proper adjustments. Choi in his 2010 paper states that
similar research into electrorefining modeling had been done in copper electroplating and
accelerated corrosion studies but does not apply corrosion theory to his work despite the
similarity [39]. Instead, Choi goes on to use a modified Butler-Volmer approach paired with
three dimensional CFD modeling, popular in electrorefining of nuclear materials as discussed in
the previous section.
A review of the principles of corrosion presents two types of polarization at electrodes,
activation and concentration. Activation control occurs when a reaction step occurring at the
electrode is rate controlling [40]. In other words, at the anode, the dissolution or removal of
electrons is rate controlling, and at the cathode the combining of electrons and cations is rate
controlling. Activation polarization is often termed Tafel behavior after the Swiss chemist Julius
Tafel. Concentration polarization is a mass transport governed phenomenon, where the rate
controlling step is the movement of ions or electrons to and from the surface. In real systems
there exists a combination of both types of polarization at each electrode varying in ratio
depending on the potential applied [40]. The calculation of activation polarization is shown in
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Equation 2.15, also called the Tafel Equation, and that of concentration polarization in Equation
2.16.
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In Equations 2.15 and 2.16, η represents overpotential at an electrode associated with a
species or the difference between the applied potential and the standard potential for that
species; i, represents the partial current density at the electrode. The β in Equation 2.15 is the
Tafel constant for the half cell reaction occurring at the electrode surface. In Equation 2.16, iL is
the limiting current density as found by Equation 2.17. Limiting current density is dependent on
the bulk concentration and diffusion characteristics of the species of interest in the media.
These polarization equations can be combined to form a mixed polarization case as shown in
Equation 2.18 [40].
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In Equation 2.17, δ represents the diffusion layer thickness, D represents the diffusion
coefficient, n the charge on the ion and Cbulk the bulk concentration of that ion. Equation 2.18 is
written separately for each species and each electrode reaction as the exchange current density
and Tafel constants are different for each [40]. Equation 2.18, the mixed polarization equation,
is an analog to Equation 2.9, the Butler-Volmer equation, which was arrived at under different
assumptions. In the mixed polarization version of the overpotential-current density relationship,
the Tafel constant becomes synonymous with the transfer coefficient, α, multiplied by the
coefficient on the second term of Equation 2.18. The advantage of the mixed polarization
equation is that the Tafel behavior and concentration polarization can be treated separately,
unlike in the Butler-Volmer equation. A second major difference between Butler-Volmer and
mixed polarization equations is the use of concentration ratio modifiers. In mixed polarization,
ratios of electrode surface areas are used in the adjustment of current to current density, while
the Butler-Volmer equation uses the ratio of the concentration at the electrode surface to that
in the bulk is used, see Equation 2.9. This approach does not account for differing electrode
areas, and does not allow for calculation when insoluble products are formed.
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In the past, it has been difficult to predict in what ratios and at what times secondary
constituents of used nuclear fuel would dissolve and deposit. Each reaction possible in a system
has an exchange current density, i0, and a forward or anodic reaction line and a backward or
cathodic reaction line. These lines are generated from Equation 2.15 [40]. The anode and
cathode lines are each summed to the total rate of oxidation and reduction, each of which
jumps continuously at each species specific corrosion potential. The total system corrosion
potential, Ecorr is located where the summed anode and summed cathode lines intersect [40].
Finding the logarithm of the current density at which this corrosion potential occurs establishes
the current density at each electrode and therefore the partial current densities as well. This
approach would allow the calculation of the exact time in an electrorefiner’s operation at which
a secondary constituent would begin to dissolve and/or deposit, as well as the rate at which it
will do so.
Because the equations governing corrosion theory are dependent on current density,
the surface area of the electrodes directly affects the simulation of an electrorefiner. Because
current must be constant across a cell, the current density at anode and cathode will be
different unless they have equal surface areas. Fixing the ratio of anode to cathode surface area
is often a means of discouraging or encouraging corrosion to occur [40]. In the study of
corrosion of rebar inside of cement structures by Arya and Vassie, a high anode to cathode
surface area ratio resulted in enhanced corrosion [41]. Applying this concept to electrorefining,
it is desirable to have a larger anode surface area than cathode surface area to promote the
anodic dissolution of material.
The application of corrosion theory to the electrorefining of nuclear materials can
account for concentration polarization as well as surface films. The Butler-Volmer equation does
not treat the Tafel and concentration polarization regions separately, as seen in the comparison
of Equation 2.9 to 2.18. Therefore using corrosion theory to model electrorefining requires, in
addition to the kinetic parameters required by the Butler-Volmer equation, the Tafel constants
and exchange current densities for the reactions occurring at the electrode/electrolyte interface
as well as detailed polarization patterns for surfaces which experience buildup of material.
2.6.1 Tafel Parameter Determination Methods
Two computational methods exist for finding the Tafel constant and exchange current
density. In both methods, potentiodynamic data is required. Potentiodynamic data is produced

18
when a range of potentials are applied stepwise across an anode or cathode and the current
response is measured in a linear sweep [42, 43]. The two methods are the Tafel extrapolation
method and the Oldham-Mansfeld method, which uses pre-Tafel region data.
In the Tafel extrapolation method, the potentiodynamic response is measured over
approximately 50 to 150 mV of overpotential, termed the Tafel region, where typically a large
linear region will exist in the response [43, 44]. Equation 2.15 is applied to this current and
voltage data in this linear region in either direction (anodic or cathodic) [44]. The slopes of the
anodic and cathodic reaction lines are the Tafel constants associated with the oxidation and
reduction reactions, respectively. The intersection of the two lines represents the exchange
current density for the redox couple, if it is the only reaction couple taking place.
McCafferty discusses at length the limitations of the Tafel extrapolation method,
pointing out that it is necessary that at least one of the branches of the potentiodynamic
response be solely under activation control, unaffected by concentration effects for at least one
decade of current [43]. Simple uniform corrosion must be occurring; no localized attack can be
taking place. And finally, the scan rates used must be sufficiently slow so as to produce steady
state behavior [43]. McCafferty’s study suggested that when the anodic branch could not fulfill
all of the above requirements, as is frequently the case, the cathodic branch could sometimes
be relied on to obtain an accurate exchange current density by extrapolation. Additionally as
noted by Scully in the standard for potentiodynamic measurements, if the cathodic behavior is
affected by concentration polarization due to a dilute electrolyte, there can be a shortening of
the linear Tafel region due to mass transport control [44].
McCafferty’s study indicated that a low scan rate, v, was necessary to achieve steady
state measurements from potentiodynamic data [43]. This result is corroborated in Zhang et
al.’s work where the effect of scan rate on Tafel parameters was examined [42]. It was observed
that if the scan rate was not sufficiently slow, a rise in Tafel slope with rising scan rate would be
observed. This result was explained as being due to the electrode still being incompletely
charged each time a measurement was taken, or the charging current was still in effect. Zhang
et al. recommend scan rates in the range of 1 to 0.1 mV/s [42]. At sufficiently slow scan rates,
no dependence of the Tafel constant on scan rate should be observed. An additional source of
error in current density-overpotential measurements is the resistance to polarization of the
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electrolyte. This source of error is minimized as the distance between anode and cathode is
minimized.
Otieno-Alego et al. conducted a study comparing the polarization of Fe in aqueous
chloride media to computer models and discovered that the Tafel slope is constant with scan
rate at steady-state while the peak active potential and current of passivating systems was
linearly dependent with v0.5 [45]. An explanation was offered that at low overpotentials, above
the peak potential, small islands of passive film form on the electrode surface and grow. As
these islands grow together the spaces between them become small pores, the transport
through which is no longer activation controlled but mass transfer controlled [45]. Thus, it is
necessary to keep scan rates low enough that no effect is seen on the Tafel slope to achieve
accurate Tafel parameters with the potentiodynamic method of data collection.
The second method for determining the Tafel constants and exchange current density,
the Oldham-Mansfeld method, uses a different region of overpotential (±30mV or less), called
the pre-Tafel region and was initially developed for corrosion studies [46, 47, 48, 49]. The
advantage of scanning this much smaller overpotential region is that at such low overpotentials
no significant changes to the electrode surface area can occur, and the buildup of any
passivating films does not have time to develop. However, the same concerns with scan rate
exist and a sufficiently small scan rate must be used.
The basis of the Oldham-Mansfeld method is to first determine the polarization caused
by resistance by measuring the slope of the current density vs. overpotential line at the location
of the reaction potential, ηcorr, within ±5mV or less [46, 47, 48, 49]. This approach effectively
gives the derivative of current density with overpotential at the reaction potential, which
according to Equation 2.19 is the inverse of the polarization resistance. This result is expected to
be accurate when the range of overpotential used to find Rp is at least ten times the Tafel slope
for the reaction, that is ΔE/β <0.1. This requirement is due to a simplifying assumption that was
made by Stern and Geary when arriving at Equation B from a more complex kinetic expression
[50]. This simplification was made using a second assumption that the system being considered
consisted of a metal oxidation reaction paired with a reduction of another species usually
hydrogen ions. It would seem initially that this method would therefore be inapplicable to an
equilibrium case such as the oxidation and reduction of a single metal, however the method is
derived from the Butler-Volmer equation, which has been used to describe equilibrium kinetics.
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Therefore, the use of the Oldham-Mansfled method is justified when the Tafel region of
overpotential cannot be examined free from the influence of surface effects. In Equation 2.20,
subscripts ‘a’ and ‘c’ on β indicate anodic and cathodic Tafel constants.
:`

/:t6u

tvNww

= xT

2.19
|.}~

y2 yv
U  2
{ y2 yv 

7 = MI.z ,

−

|.}~
v

$

2.20

Once the polarization resistance is found, Oldham and Mansfeld recommend plotting
2.3Rpi versus overpotential, which according to Equation 2.20 will produce a curve which can be
described by a function whose only two parameters are the Tafel constants. Computerized
fitting is applied to the curve to determine the Tafel constants, βa and βc. In the 1970s Mansfeld
employed the software POLFIT to conduct the fitting procedure [46]. After the Tafel constants
are found it is straightforward to find the corrosion current density, icorr, for a corrosion system
or the exchange current density, i0, for the oxidation/reduction reaction of a single metal when
the method is applied to an equilibrium case. This corrosion current density can be found from
Equation 2.21, where icorr is related to the Tafel constants and the polarization resistance [46, 47,
48, 49].
7^l

= I.z,

y2 yv

{ y2 yv 

2.21

In a more recent work, Scully discusses the applicability and validity of the OldhamMansfeld method [44]. Scully points out that as in the Tafel extrapolation method, the OldhamMansfeld method will be invalidated by multiple reactions, changes in open circuit potential
during polarization measurements, and a scan rate that is too fast. Scully also points out some
further complications to the method including the effect of capacitive current and solution
resistance [44]. A capacitive current can exert an effect if the scan rate of the test is too fast,
and will result in hysteresis in the current –overpotential response. Solution resistance if nonnegligible will cause the overestimation of polarization resistance and therefore the corrosion
current density is underestimated [44].
To determine if solution resistance is negligible, the calculation of a Wagner number, W,
can be useful [50]. The Wagner number is the ratio of the kinetic resistance, Rp, to solution
resistance, Rs, or ohmic drop in the cell [50]. It can be determined from Equation 2.22, where κ is
the conductivity of the electrolyte and L is the characteristic length for the cell.
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Wagner numbers greater than 1 have dominant kinetic effects while if less than 1 the
ohmic drop or solution resistance effects dominate. For ohmic drop to be considered negligible,
the Wagner number should be much more than 1 approaching > 100 [50].
The Oldham-Mansfeld method of using polarization data in the pre-Tafel region holds
many advantages for systems where anodic films and cathodic concentration polarization play a
role in the Tafel region. If the effects of solution resistance, capacitive current and competing
reactions can be avoided, it is an ideal method for determining parameters otherwise
unobtainable.
2.6.2 Tafel Parameters in the Literature
In 2011, Gosh et al. published a study on the anodic dissolution of uranium and
zirconium from U-Zr alloys in LiCl/KCl eutectic salt in which they reported a set of Tafel constants
and exchange current densities [11]. A Tafel constant of 98.5 ± 3.89mV for uranium dissolution
by the Tafel method was reported. The Tafel constant for the zirconium dissolution was
reported as 362 ±6.44 mV. Gosh obtained a value of 8 ± 2 mA/cm2 via the Tafel extrapolation
method for exchange current density for the dissolution of uranium in LiCl/KCl [11]. These
values have not been corroborated in the literature. Gosh was unable to obtain exchange
current density for zirconium as a sponge electrode whose surface area was unmeasurable was
used in the study. The potentiodynamic data used to obtain these Tafel parameters were
collected in the Tafel region, where the buildup of anodic material has been observed. Gosh did
not discuss the effect of ohmic resistance in the cell, or the effect of non-activation control
effects at either the anode or the cathode.
Choi estimated the exchange current density for uranium in LiCl/KCl in 2009 at 20 to
60mA/cm2, when the concentration of UCl3 in the melt was 3.27wt.% and at the usual operating
temperature for the electrorefiner of 500°C [12]. The range estimated by Choi is clearly not in
agreement with Gosh’s experimentally determined values. The method used by Choi in
determining the estimate of exchange current density was only vaguely reported [12]. Choi may
have used a different experimental process than Gosh or a different overpotential region. Other
sources of Tafel constant or exchange current density data for uranium dissolution from a solid
phase in LiCl/KCl eutectic were not available in literature.
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Kobayashi et al. examined the polarization behavior of uranium as dissolved from a
liquid cadmium anode [51]. They reported classic mixed polarization occurring at the cathode
though it is not discussed as such. The anodic polarization was studied in only a small range of
overpotential due to the large physical size of the anode. Despite the small overpotential range,
its behavior was distinct from that of the cathode. An exchange current density is not obtainable
from their data as the cathodic overpotentials were not probed in the Tafel region [51]. The
anode did experience lower current densities than the cathode at similar overpotentials
indicating that, even from a cadmium anode, uranium dissolution is slower than its deposition.
A lack of consensus in the value of the exchange current density for uranium dissolution
reveals a need for rigorous standardized experimentation to determine accurate values for the
necessary parameters. Determining these parameters accurately will not only allow for
modeling of the uranium electrorefiner system but will contribute to the body of
electrochemical knowledge available for any system where uranium is dissolved
electrochemically in LiCl/KCl eutectic salt. Tafel theory alone does not account for changes in
surface area of the electrodes or the presence of the film-like build up observed at the anode on
various uranium containing materials in this electrolyte. To account for these phenomena, more
specific, corrosion theory based electrode modeling techniques must be employed.
2.7 Electrode Modeling
To accurately model electrorefiner performance it is necessary to understand the
kinetics occurring at each electrode surface. At the anode material is oxidized, releasing
electrons into the circuit and ions into the salt. This process alters the shape and chemical
character of the anode surface. The presence of oxidized materials frequently leads to
competing reactions or complex compound formation, which can reduce the surface area
available for anodic dissolution to occur [40, 52, 53, 54, 55]. Additionally because material is
being oxidized quickly in the small volume of the diffusion layer, concentration effects such as
solubility can have an impact on performance [9, 28, 56]. At the cathode, material is being
reduced and depositing onto the surface, rapidly changing its surface area. The morphology of
the deposited material is known to depend on both composition of the deposit and the rate of
deposit or current density [57, 58, 59]. Some research has been done into modeling both the
anodic and cathodic surfaces as affected by electrorefining.
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2.7.1 Anodic Surface Area Modeling
Choi et al. developed a means of calculating a surface area for the anode in
electrorefining [60]. He proposed an initial function for surface area prior to refining, shown in
Equation 2.23.
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Equation 2.23 assumes cylindrical clad fuel pins of initial diameter Dai, segmented in ns
segments in each of nd dissolution baskets per each of na anodes, with only the chopped ends
exposed. Five modifications of this initial surface area function were tested to model the effect
of electrorefining on the surface area of the pins [60]. The most successful of the five cases
when compared to experimental data is shown in Equation 2.24, with a square root dependence
on charge passed, Q, where k is an empirically fitted constant that would likely need to be fit to
each fuel type separately.
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The function for area shown in Equation 2.25 was paired with an electrorefining model
very similar to Hoover’s to generate simulations and compare them to experimental data [60].
The variation between simulation and experimental data was assumed to be caused by porosity
or increased roughness of the surface of the anode during electrorefining, which is not
accounted for by the modification of Equation 2.23. This model does not reveal any physical
understanding of the changing anode surface or account for the buildup of the observed anode
material. To understand the kinetics at the anode surface, the build-up of film-like material
needs to be examined and understood.
2.7.2 Anode Film Effect Modeling
In electrorefining experiments with nuclear fuels, it has become common to observe a
buildup of scale or film at the anode surface. Many explanations for the presence of this film
have arisen, though it is commonly observed that the film has a distinct effect on electrorefining
by limiting the rate of dissolution. It is also clear from electrorefining experience that the film
has an overpotential dependence. Most researchers developed physical models of the anode
based on a two stage system, as seen in Figure 2.2 [27, 28, 52, 61, 62]. Recall that in Figure 2.2,
the anode has a layer of film, thickness μ, and then a diffusion layer, thickness δ. There remains
some debate over a concentration gradient’s existence within the film layer.
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2.7.2.1 Multi-Diffusion Layer Models
Iizuka et al. has since 2005 studied the formation of a dense layer on U-Zr and U-Pu-Zr
alloys during fast reactor fuel electrorefining [28]. A one-dimensional diffusion layer
approximated the diffusion in the molten salt phase as is normally done in electrorefiner
modeling. Iizuka then approximated the effect of the film as an additional diffusion barrier
between the anode and salt diffusion barrier [28]. These diffusion barriers were modeled using a
current balance across the two layers, described by Equation 2.25. The diffusion layers being
independent of each other have their own, diffusion coefficients (D) and thicknesses (δ).
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A major assumption of this model is that there exists a concentration gradient of mobile
U3+ ions across the dense salt layer. This gradient is also assumed to be much larger than the
gradient across the outer salt diffusion layer [28]. The current passing through the interfaces is
calculated from the mole fraction difference over the distance across the layers multiplied by
the diffusion coefficient and the number of electrons per mole of species traversing the layers as
is typical for current across a diffusion layer.
This two diffusion layer approach differs from the physical interpretation presented in
Figure 2.2. In Figure 2.2, the film is shown as having a constant concentration profile rather than
Iizuka’s choice of a concentration gradient. The modeling approach of Iizuka predicted the
experimentally observed two-step rise in potential, which makes it an improvement over
standard Butler-Volmer kinetics. However, the initial current rise was still under predicted by 1215% for the first 4000-6000 coulombs of charge passed. This result may be caused by Iizuka’s
choice to neglect the overpotential dependence of this layer that is known to exist with films on
anode surfaces. An oscillation in the second step of the potential rise observed by Iizuka was not
predicted at all by this two diffusion layer approach [28].
Iizuka briefly discusses a phenomenon concerning the solubility of ZrCl4 in the
electrorefiner salt. It is noted that this compound has limited solubility at 500°C, in fact above
0.013 mole fraction a complex K2ZrCl6 is formed as a precipitate [28]. This effect was not
considered in Iizuka’s modeling efforts, though it would change the available concentration of
Zr4+ in the inner diffusion layer therefore altering the concentration gradients and the number of
electron carrying species traversing the inner layer.
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In 2009 during the development of a new electrorefiner design the layer was observed
again. Backscattered electron images of the material were taken, and it was concluded that
microstructures of zirconium were forming in the alloy as uranium was removed thus limiting
current efficiency [63]. In 2010, the layer was confirmed to be a delta phase U-Zr alloy in the
range of 63-78 percent zirconium by wavelength-dispersive X-ray spectroscopy [27]. Later in
2010, Iizuka introduced a third diffusion layer to the model constructed in 2005 to describe the
delta phase layer’s effect on electrorefiner performance [61]. This delta phase layer was
inserted between the dense salt layer and the undissolved anode. Without knowing the
diffusion coefficients of any of the three layers, a fraction of the diffusion coefficient in the bulk
salt was assumed for each. A fraction of 0.7 was assumed for the porous zirconium layer, a
fraction of 10-3 was used for the delta phase layer and the outer diffusion layer was assumed to
have the same coefficient as the bulk salt [61]. Iizuka used an exponential function to describe
the activity of uranium in the porous zirconium layer to improve the prediction of uranium
dissolution rate from the zirconium matrix.
The results of these adaptations to Iizuka’s multi-diffusion layer model show an initial
accurate prediction for 0 to 100 coulombs with a growing inaccuracy between 100 and 3000
coulombs reaching a maximum of 7-8% deviation [61]. The onset of the second rise in potential
was offset by 250-1000 coulombs as well. The observed oscillations in the second potential rise
were still unaccounted for by the model, though Iizuka explained them as being caused by nonuniformity of the layer formation [61]. Iizuka again noted the solubility limit of 0.013 mole
fraction for ZrCl4, above which a K2ZrCl6 compound can form, and a solubility limit for UCl3 of
0.15 mole fraction [61].
Li reported an internal diffusion rate controlling step in the electrorefining of spent
nuclear fuel in 2002 [62]. In Li’s work, electrorefining was conducted on a U-Zr alloy, EBR-II
driver fuel. Li explained the internal diffusion as arising from the diffusion of reactants through a
metal fuel matrix inside of fuel segments, which formed due to zirconium being left behind,
similar to Iizuka’s explanation [62]. Neither Li nor Iizuka considered the possibility of these films
forming on pure metals. The explanations offered by Li and Iizuka would not account for the
similar behavior seen on pure metals, as the modeling and theory rely on the phase change of
an alloy. Neither does the multi-diffusion layer theory account for the observed overpotential
dependence of the film’s effect on electrorefining.
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2.7.2.2 Passive Film Experience
Anodic films, like those appearing in the electrorefining of nuclear fuels, have been
found in many electrochemical systems. In 1994, Grimm and Landolt of Switzerland used
impedance and polarography to study salt films forming on Fe-Cr alloys during anodic
dissolution in aqueous chlorides [52]. A two-layer salt film is described, with an inner compact
layer and an outer porous layer, much like that shown in Figure 2.2 or like that described by
Iizuka and Li.
Grimm and Landolt present potentiodynamic scans of a rotating disc electrode that
illustrates the passivating effect of this salt film layer and its overpotential dependence. Peaks in
the current density response occur at low overpotential representing the active region where
the rate of dissolution is fast [52]. The active region is followed by a region of constant current
density despite increasing overpotential, called the passive region where a surface film develops
on the metal to partially protect it from dissolution. At very large overpotential, this film
dissolves resulting in the surface becoming active again as represented by increasing current
density with increasing overpotential. They found that a 15% Cr-steel has a larger passive region
than, iron, chromium or 25% Cr-steel, which explains its superior corrosion resistance [52]. It is
possible that the films observed on uranium that exhibit overpotential dependence could be
forms of passive films. Jones describes similar potentiodynamic behavior for classically
passivated systems in aqueous media in the absence of chlorine [40].The features of the current
density-overpotential response curves observed in the Jones text indicate similar passivation
behavior occurs in both non-chloride and chloride containing aqueous media.
Barcia et al. of France studied anodic dissolution behavior with several types of films or
barriers at the anode surface [53]. While the work was not done on nuclear materials, useful
comparisons exist as they do for the work of Grimm and Landolt, and Jones. The systems
studied by Barcia had fast chemical reactions, where the rate limiting step was mass transport
to and from the anode surface. Three stages of polarization are described. The first, at low
overpotential, is governed by charge transfer kinetics and no mass transfer effect is observed
[53]. The second stage is a transition stage where mass transfer begins to exert an effect but is
balanced by charge transfer kinetics, also called passivation, and in the third stage of
polarization mass transfer dominates, a steady state polarization caused by molecular diffusion
through a film. This stage is the transpassive stage. Electrohydrodynamic impedance, or
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frequency analysis of current and potential at a rotating disc electrode (RDE), was used
extensively to study systems with both liquid and solid passivating films. However, Barcia et al.
concluded that no overarching model applied to all passive films [53].
Bai and Conway also conducted impedance spectroscopy on RDEs, studying the
dissolution of aluminum in non-aqueous chloride media (CH3CN, AlCl3) [54]. Little work has been
done on dissolution impeding films in nonaqueous media, and therefore, it is an important case
to consider. Bai and Conway observed that the rotation of the RDE had no effect on polarization
when collecting data for Tafel plots. The conclusion drawn was that when a surface is covered in
a passivating film the rate-controlling step is not a diffusion process and therefore is unaffected
by rotation [54].
Munoz and Bessone confirmed this conclusion by observing the polarization behavior of
aluminum in LiCl/AlCl3 water free solutions where it was noted that rotation of the electrode
had no effect whatsoever on polarization [64]. Cyclic voltammograms showed decreasing anodic
current with successive cycles that was attributed to the formation of a corrosion product or salt
film, which blocked available sites for corrosion. The lack of rotation effect combined with the
observed hysteresis in the cyclic voltammograms confirmed that the rate controlling step is a
surface phenomenon rather than a diffusion controlled phenomenon [64]. Chemical analysis by
Munoz and Bessone confirmed that the corrosion product blocking the surface was deposited
AlCl3, which leads to the conclusion that ionic transport through this film of deposited AlCl3 was
the rate controlling step in the anodic dissolution [64].
Glagolevskaya et al. reported salt passivation of hafnium in NaCl-KCl molten salt at high
current densities in 1990 [9]. In potentiodynamic testing two waves of passivation were noted.
The first was attributed to a solubility limit for HfCl4 being reached and solid HfCl4 collecting at
the anode surface. The second and more detrimental wave of passivation was attributed to
formation of potassium hexachlorohafnate (K2HfCl6), a Hf(IV) complex identified by x-ray
diffraction [9]. Glagolevskaya reported that this second phenomenon did not occur at low
current densities where only the Hf(II) valence existed. It was pointed out that hafnium
corrosion at high current density would result in these high hafnium valences leading to
passivation of the anode. The K2HfCl6 film grew to a maximum value and became stable. The film
did not appear to prevent the passage of current, as it developed pores through which limited
anodic dissolution was able to proceed [9]. The film did not form at high temperatures leading
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to the conclusion that it was soluble above a certain temperature. The presence of a complex
salt, K2HfCl6, which is soluble at high temperatures, is reminiscent of the insoluble K2ZrCl4 noted
in the phase diagrams by Iizuka in the electrorefining of U-Zr and U-Pu-Zr alloys [28]. Analysis of
the film present on a hafnium anode by scanning electron microscope showed craters forming
where the surface of the hafnium anode was not covered by the film. Thus, the reduction in
available anodic surface area due to film formation is the cause of passivation seen in
Glagolevskaya’s experimental work [9].
To understand how such solubility issues as experienced by Glagolevskaya might occur
in uranium containing systems; phase diagrams were examined for the typical electrorefining
electrolyte, LiCl/KCl eutectic salt with UCl3. While examining the LiCl-KCl-UCl3 salt system,
Nakayoshi et al. discovered similar concentration concerns specifically that at high mole fraction
of UCl3, the U3+ ions reacted with the KCl to form K2UCl5, as shown by X-ray diffraction (XRD)
data [55]. At 8.7 mol% UCl3, some KCl remained in the salt, but at levels as low as 20.1 mol%
UCl3 all of the KCl present reacted with UCl3 to form K2UCl5. A limit of 17 mol% UCl3 was
suggested for the bulk electrorefiner salt to avoid formation of the salt complex [55]. Nakayoshi
et al. then pointed out that in the vicinity of the anode, where UCl3 is being formed, the
potential for high concentrations of actinide chlorides exists.
The formation of K2UCl5 at high UCl3 concentrations is not unexpected as the method
used to fabricate K2UCl5 by Meyer, Gaebell and Hoppe in 1983 was to mix powders in a 2:1
molar ratio of KCl and UCl3 at 400°C and allow it to react for two days [65]. Also noted by
Nakayoshi et al. was the highest possible crystallization temperature associated with the UCl3LiCl-KCl eutectic system of 760K, which is near to the usual electrorefiner operating temperature
of 773K. Nakayoshi et al. therefore also recommended operating at a higher than usual
temperature to avoid increased viscosity in the system [55].
Examining the solubility of the U3+ ion in LiCl/KCl eutectic more closely, a solubility limit
of 0.15 UCl3 mole fraction, or approximately 50wt% UCl3 exists at the usual electrorefiner
temperature of 500°C [56,61]. From the examination of ternary system phase diagrams, if the
concentration within the diffusion layer present at the surface of the anode rises above this
level it is expected that UCl3 will deposit as a solid in that region. Additionally at temperatures
below 550°C, a second phase, K2UCl5, is shown to occur, which has a eutectic point with LiCl at
0.45mol fraction at a temperature of 491°C [56]. An alternative electrolyte, used in the
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reduction of oxide nuclear fuels to metal is LiCl. Examining the binary phase diagram for
LiCl/UCl3 at the operating temperature typical for LiCl systems of 650°C, the solubility limit for
UCl3 is 0.45mole fraction or approximately 87 wt% [56, 66, 67].
It is clear from the literature that the presence of a passive film or surface covering
material can impede or even halt dissolution processes at electrodes. There exists an
established potentiodynamic pattern of behavior associated with such films or layers, which can
aide in identifying and describing experimental observations of such material. Much of the
literature discussing potentiodynamic behavior of passive films was conducted in aqueous
media in the absence of chlorine. The system of interest here is a non-aqueous chloride salt
system. There has been very little research done on the overpotential dependent behavior of
passive films in such a system. Identifying and modeling the overpotential dependent behavior
of the material observed at anodes during electrorefining of uranium will improve the
understanding of the surface kinetics at the anode.
2.7.2.3 Passive Film Models
Sato of Japan conducted a review of passive film models in 1990 [68]. Passive film
formation was summarized as proceeding in two elementary steps. First metal atoms are
oxidized to adsorbed ions by the removal of electrons due to the polarization of the anode, as
shown in Equation 2.26. Then one of two dissolution reactions can occur. For the active state,
the ion is de-adsorbed into the electrolyte and for the passive state the ion is complexed with
species from the electrolyte [68]. These options are shown in Equation 2.26.
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In most cases, this complexation occurs with an oxide or hydroxide species. In a nonaqueous environment with no oxygen present the complexing species would have to be
something other than the oxygen-bearing anions. Often these complex species are insoluble or
have limited solubility and therefore precipitate, as was the case for K2HfCl6 in Glagoyevskaya’s
work. These precipitates can collect at the interface and lead to a significant reduction in
dissolution rate. Depending on the composition and coverage of the precipitate layer, this film
can act as a surface area limiting dissolution barrier [68].
The two-step reaction process outlined in Equations 2.26 and 2.27 frequently leads to a
bipolar ion-selective layer construction at the anode surface [68]. This type of layer has a
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collection of positive charged species abutting the electrode surface and a collection of
negatively charged species between the positive layer and the bulk electrolyte [68]. These
positively charged species are the adsorbed but not yet dissolved cations, while the negatively
charged species are the anions attempting to bring about the dissolution. The frequently
observed precipitate could collect at the interface of the positive and negative charged species
forming a solid film.
These bipolar ion-selective layers most often act as semi-conductors, resisting but not
preventing corrosion entirely. The thickness of the precipitate layer grows with time at a usual
rate of 1-3 nm/V of overpotential in aqueous environments [68]. When the precipitate layer or
film becomes thick, crystallization of the film can take place, first changing the effect of the film
from a semiconductor to a barrier and then putting internal compressive stress on the material
causing cracking. This cracking exposes new metallic surface to the electrolyte increasing the
dissolution rate at the location of the cracks [68].
Passive films break down at high overpotentials by three mechanisms. The first
mechanism, as discussed by Sato, is mechanical failure due to the internal stress associated with
the film thickening or crystallizing. The second mechanism is due to electrons accelerated by the
intense electric field in the vicinity of the anode (>5x106 V/cm) impinging on the film and boring
holes or causing cracks [68]. The last breakdown mechanism of films is ionic. In ionic breakdown
there is competition at the anode surface for adsorption between simple and complex anions.
Halide ions, such as Cl-, in particular are known to pile up and create micro cracks through a film
leading to local film breakdown and pitting dissolution [68]. How this phenomenon might
proceed in the presence of a non-aqueous chloride complex salt film was not discussed by Sato.
In 1996, Sato describes the modeling of such bipolar anion selective anode films [69].
According to Sato, chlorides are known to form anion selective films in which the barrier to
diffusion is the formation of molecular complexes as the Cl- anion concentrates at the anode.
Sato also presents polarization curves typical for anion selective films showing an initial
passivation in both dilute and concentrated solutions while Cl- ions build up at the electrode
surface [69]. At high applied potential in concentrated solutions the curve extends to higher
current densities indicative of a polishing even dissolution across the surface; a sort of steady
state dissolution. The critical ion concentration c*, above which polishing dissolution occurs, is
dependent on the solubility product (K) of the metal ion complex in solution, in both its chloride
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(MCl) and hydroxide (MOH) forms. Equation 2.28 describes this dependence in terms of a
hydroxide and a simple chloride, as the system considered by Sato was aqueous.
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Sato points out that due to the limited solubility of the metal hydroxide and complex
chlorides in the chloride medium, the deposit of these compounds is the cause of passivation of
the anode [69]. In the case of anion selective films Sato predicts a small concentration gradient
of the metal ion and a larger concentration gradient of the chloride ion in the vicinity of the
anode [69]. This differs from the physical interpretation of the anode surface shown in Figure
2.2.
To model this polarization behavior, Sato [68] refers to the work of Griffin, who
describes a phase transition model with a minimum of parameters to explain and predict metal
passivation kinetics [70]. Griffin outlines the two-step reaction process shown in Equations 2.26
and 2.27 and assigns each step a rate constant that Griffin states are inter-related by a factor θ.
Theta is representative of the coverage of the surface with adsorbed cations, more specifically,
how many of the adsorbed cations are completely surrounded by other adsorbed cations (θ=1)
and how many are alone (θ=0) [70]. This approach allows for the use of one equation to
describe the rate of dissolution despite having two dissolution mechanisms.

Griffin assumes a Tafel-like behavior, modified to account for surface coverage for the
formation of fresh cations from solid metal [70]. This Tafel behavior is simply the classical Tafel
equation solved for current and modified so that the exchange current density is replaced with
the rate constant and fraction of free surface. This approach enables Griffin to predict the
passivation of metal surfaces using the surface coverage. It is important to recall that Griffin’s
model addresses a metal being dissolved in aqueous chloride solution, rather than the nonaqueous chloride salt medium used in electrorefining. Any use of Griffin’s model to predict the
electrorefiner system will need careful adaptation.
Chao, Lin and Macdonald have suggested a different model for the growth of passive
films, based on the assumption that the film is an oxide of the constituent metal highly
concentrated with point defects [71, 72]. The model relies on the movement of ions and
vacancies migrating and diffusing. The conclusion is drawn that film forms due to the rate
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limiting step of anion inward diffusion to the metal film interface. A logarithmic law is used
taking into account the growth and dissolution of the film material due to all possible reactions
[71]. The breakdown of film observed at large overpotentials is also discussed [72]. The
mechanism by which this occurs was described as being promoted by void formation between
the metal and film interface due to dissolution of cations that then pass into the film without
subsequent filling of anions. These voids cause the film to crack creating areas of localized
enhanced corrosion [72]. One major assumption of Chao, Lin and Macdonald’s model is that no
strong soluble complexes of the metal with the anion are able to form [72]. This is not the case
in the system being studied in this work, as UCl3 will form the complex K2UCl5 at certain
temperatures.
The polarization of an aqueous iron system was studied by Flitt and Schweinsberg [73],
and a scheme for synthesizing polarization curves was updated for the system. This scheme is
entitled SYMADEC and was used to produce polarization curves under varying electrode surface
conditions, including passivation, to compare to experimental data. SYMADEC is based upon
mixed polarization theory where the activation polarization is expressed through Tafel
relationships and the concentration polarization through limiting currents, iL. In addition to
mixed polarization or corrosion theory, SYMADEC’s anodic function takes into account the
formation of film materials at various positive overpotentials at the anode surface [73, 74].
Like Griffin’s model a parameter is defined, which is representative of the surface
coverage of the film. In SYMADEC it is referred to as S, and is defined in Equation 2.29, using two
fitted parameters, A and p. Flitt and Schwiensberg admit in their work that these parameters are
empirically developed for each scenario and appear to have no physical significance [73, 74].
The parameter p determines the symmetry of the passivation peak, while A determines its
width. In the expression, η is overpotential, while ηpas is the overpotential at which the
passivation commences, where S is initially 1. The value of S will become 0 at ηcp, the complete
passivation potential.
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Equation 2.30 shows how the two states, filmed and unfilmed, can occur simultaneously
in the model. These models however no longer apply after complete passivation as new
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phenomena begin to occur, namely, breakdown of the film. SYMADEC approximates this
breakdown using an empirically developed function dependent on the breakdown potential,
maximum potential, and transpassive slope all taken directly from each data set in the
breakdown region [73, 74].
Use of this model to predict polarization would require detailed input sets, including
Tafel constant, exchange current density and bulk concentration for each ion in the salt, as well
as the passivation onset potential, complete passivation potential and current density,
breakdown potential, Tafel slope after breakdown and the optimized p and A parameters [73,
74]. This detailed list would need to be generated at each condition to be modeled, as changing
bulk concentration, scan rate or temperature can change some if not all of these parameters.
This makes the SYMADEC model highly complex to implement. If relationships for these inputs
with temperature or scan rate could be determined, the input for the model would be greatly
simplified and SYMADEC’s usefulness enhanced.
It is clear from the literature that potential dependent anodic behavior can have many
causes and explanations. Anodic films inhibit ion transport through a variety of mechanisms.
Whether the cause is a change in alloy phase, the formation of complex molecules with the salt
media, or a simple precipitation due to limited solubility, the affect is the same, reduction in
dissolution rate or passivation. Very little work has been done in non-aqueous passivation
systems and no work has been done considering passive films in non-aqueous chloride systems.
This film-effect, which occurs on uranium fuels, must be modeled for accurate electrorefiner
performance prediction. Several modeling schemes exist, each specific to the mechanism of
formation of the anode layer. Iizuka described a model for alloy change, and Griffin and Flitt and
Schweinsberg described models for complex salt films and/or precipitate phases in aqueous
media. Determining which mechanism causes the passivation observed on uranium in LiCl/KCl
molten salt will aid in determining the proper way to model the affect.
2.7.3 Cathode Surface Area Modeling
Cathodic deposits drastically change the surface area of the cathode. This change causes
the kinetics of the cathode reaction to change as well. It is important to be able to accurately
model this change in surface area. It has been shown by several researchers that cathodic
deposit morphologies vary widely. Changes in current density and composition strongly affect
the morphology of the cathodic deposit. Most deposits from used nuclear fuel take a dendritic
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form, with high current density producing needlelike dendrites and low current density
producing plate like dendrites. Contaminants in the deposit, such as zirconium, tend to produce
a more globular morphology [75].
The formation and modeling of dendritic deposits produced by electrorefining has been
studied in a variety of fields. In 1984, Matsushita et al. of Japan studied the fractal or dendritic
metal electrodeposits of zinc, employing a diffusion limited aggregation model (DLA) developed
by Witten and Sander the year before [76]. The basis of the model is assigning a characteristic
distance, D, to the growth of the deposit and calculating the random walk of that distance [45].
Diffusion is considered a series of random walks of ions through the salt. Matsushita et al. report
that at applied voltages over a threshold value, or at high current density, the fractal dimension
D, representative of the size of the fractal or dendrite, grows unchecked. This result is consistent
with electrorefining experiments with uranium as well. It is suggested that below the threshold
voltage, Vc, the mechanism for dendrite growth is electronic migration while above the
threshold it is dominated by diffusion and hence the DLA model of Witten and Sander applies.
In 1989, Garik et al. examined more closely this two part regime in the growth of
electro-chemical deposits [58]. The low current density or low applied voltage region was
determined to be in a Laplace-Field–Controlled growth mode and at the region of high applied
voltage or high current density was found to be in diffusion-field-controlled growth mode. Garik
et al. refer to dendrite deposition as dense branching morphology (DBM), which produces the
morphology of Cu and Zn from sulfate solutions [58]. Garik et al. conclude that any model for
dendrite growth must address the inter-play of both modes of dendrite growth.
In 1990, Chazalviel of France examined electrochemical causes for dendritic formations,
or ramified metallic deposits [59]. Chazalviel concluded that the major driving force is a
depletion of anions in the region of the cathode which drives a diffusion of anions into the
region at a predictable velocity. The correlation for the velocity is shown in Equation 2.31,
dependent on the anions mobility in the medium, μa, and the applied electric field, Eo.
E = −H l

2.31

Chazalviel also produced correlations for determining average dendrite spacing and
tilting angles for three dimensional representations [59]. These correlations rely on the potential
drop at the surface of the cathode, the applied potential and the temperature of the medium.
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In 2000, a mean field theory approach to modeling dendritic growth was adopted by a
group of researchers at the Paul Pascal Center for Research in France [77, 78]. It is closely
related to that used by Matsushita et al. in 1984, as developed by Witten and Sander. It predicts
the growth velocity of the dendritic fingers using diffusion to the deposition site as a limiting
step. Equation 2.32 shows the predicted velocity, where D is the diffusion coefficient, n is the
ionic valence of the mobile anion, and the subscript n denotes in the direction normal to the
wave of deposition. This approach is in direct conflict with Chazalviel’s work, which predicted
the velocity as being entirely dependent on the electronic migration of species to the deposition
site.
p

E = T ∇X

2.32

In 2003, the contradicting French theories were combined by Bernard, Plapp and
Gouyet of France, to create the Mean-field Kinetic Lattice Gas Model [79]. The model treats the
electrolyte as a gas, having no resistive features and the electrode as a lattice that can accept
only one atom of a species at a particular site. The model then uses both electronic migration
and concentration gradient driven diffusion to describe the movement of species through the
electrolyte and onto the lattice of the cathode [79]. Equation 2.33 represents this movement as
a flux, j of occupied sites, α.


 Q = −8QQ ∇ Q − 8 QD ∇ D  8 QQ \- 
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In Equation 2.33, D represents diffusion coefficient, c concentration, E applied potential,
q ionic valence, T temperature and k the Boltzmann constant. Subscript αα indicates diffusion of
mobile ions between themselves, and αv diffusion between mobile ions and vacant sites.
Shibuta et al. of Japan simulated the growth of dendrites on a cathode as it occurs
during electrorefining [75]. The mean phase field model, like that of Bernard, Plapp and Gouyet
is used, where a variable called phase field was defined such that at 0 the layer where dendrites
were growing was entirely molten and at 1 it was entirely solid. Shibuta et al. arrived at a simple
correlation for growth in cathodic surface area based on this complex model [75]. The
correlation allows change in surface area to be predicted from the amount of charge or current
at the cathode, as shown in Equation 2.34.
7=
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In Equation 2.34, ∆S represents the change in surface area, L is the length of exposed
solid cathode, ∆t is the time passed, nu is the ionic valence of the depositing species (in this case
of U3+ ), and Vm is the molar volume [75]. Knowing the current at any particular time and the
amount of time the electrode remained at that current; the change in surface area the current
produced can be predicted and used to calculate the new current density in the next moment in
time.
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CHAPTER 3: METHODS

3.1 Experimental Work
The buildup of an unknown material on uranium containing anodes during
electrorefining alters polarization behavior at the anode and therefore the operation and
efficiency of an electrorefiner. Electrochemical experiments were conducted to investigate the
polarization behavior of uranium anodes. Data from these experiments will be used to gain an
understanding of the complex chemistry of uranium under polarization. It will also allow
investigation into the mechanism of formation of the observed anodic material, as well as the
material’s composition. The electrochemical data will also be used to generate parameters for
use in an electrorefining model. In particular, Tafel constants and exchange current densities not
widely available in the literature will be determined.
3.1.1 Uranium Electrochemical Studies
3.1.1.1 Three-Electrode Cell
A laboratory-scale three-electrode electrochemical cell, consisting of a working
electrode, a reference electrode and a counter electrode was used to study the polarization
behavior of uranium. The working electrode was a uranium rod, 6mm in diameter, pictured in
Figure 3.1. The uranium rod was connected to an 18 inch steel lead by compression fittings. The
counter electrode was an 18 inch tungsten rod approximately 2mm in diameter. A Ag/AgCl
reference electrode, commonly used in chloride systems, was constructed by melting LiCl/KCl
eutectic 1 wt% AgCl solution in a mullite tube and immersing a silver wire in the melt. The
counter electrode, mullite tube, and silver wire are pictured in Figure 3.2. The straight metallic
electrode with an alligator clip attached is the tungsten wire counter electrode. The white
ceramic tube is the mullite tube, which housed the reference electrode. Lying beside it is the
silver wire used in the reference electrode. It is important for small scale voltammetry
experiments that the counter electrode be larger than the working electrode so the reactions
occurring at the working electrode can be observed without interference from area effects of
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the counter electrode. Therefore, the immersion depth of the working electrode was carefully
controlled using a vertical translator. This careful control of the immersion depth also allowed
reproducible positioning of the working electrode between tests. The vertical translator was
constructed by mounting a manual micrometer vertically with a plastic clip that allowed the
attachment of various size electrodes.

Figure 3.1: Uranium Rod Working Electrode Assembly

Figure 3.2: Working and Counter Electrodes Used in Electrochemical Analysis Cell
The three electrodes of the electrochemical cell were immersed in a eutectic
composition molten LiCl/KCl bath containing initially 6 wt% UCl3. The electrochemical cell was
housed in a furnace well inside of a glovebox with a controlled helium atmosphere. Oxygen was
maintained below 15 ppm and moisture below 1ppm. Heat shields, ceramic tubing and a
ceramic crucible were used to ensure the safe operation of the system and electric isolation was
confirmed with a multi-meter. Figure 3.3 shows the top plate of the heat shield package
through which the electrodes are lowered to reach the heated zone containing the molten
electrolyte. The vertical translator device can be seen on the right side of Figure 3.3, clamped
onto the steel lead of the uranium working electrode (front right heat shield penetration). By
turning the dial at the top of the lifting device a measurable change in immersion depth could be
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made. Also pictured in Figure 3.3 are the counter electrode (front left), the reference electrode
(back left) and a K-type thermocouple (back right). The two hollow ceramic rods at the left and
right of the electrodes are present for electrical isolation of the electrodes from the lifting
handles of the heat shield package.

Figure 3.3: Heat Shield Assembly Used in Laboratory-Scale Uranium Polarization Experiments
A Solartron 1285 potentiostat was used to control voltage or current during the
experiments. The potentiostat was able to apply polarization within 0.2% of the set point and
detected current or potential with an error of 0.1% of the reading. It was wired to the cell
through sealed glove box penetrations. All wiring was confirmed to be electrically isolated with a
multimeter. Temperature was maintained with a Marshall tube furnace capable of maintaining
temperature within ±2°F and monitored via the K-type thermocouple, pictured in Figure 3.3.
This thermocouple was immersed in the electrolyte in the heated zone during temperature
measurement and was withdrawn from the cell prior to current being passed to avoid short
circuiting the system.
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3.1.1.2 Cyclic Voltammetry
Cyclic voltammetry was used to identify and confirm the reactions occurring in the
electrochemical cell. Cyclic voltammetry is a standard electrochemical method for determining
the potential at which oxidation and reduction reactions occur in a system [80]. Cyclic
voltammograms also give information about the reaction occurring. For example, a one electron
transfer process presents distinct patterns from a one-step three electron transfer reaction. In
cyclic voltammetry, the potential of the cell begins at a potential between two apex potentials.
The potential is then swept from this starting potential to one of the apex potentials, then back
through the starting potential to the other apex potential and back again to the starting
potential. The changes in current associated with the forward and backward potential sweeps
are recorded. The general shape of a cyclic voltammograms (CV) is one concave downward peak
to the right of the reaction’s standard potential and one concave upward peak to the left of it
[80]. If the reaction is a one-electron process, then the two peaks will have nearly the same
height. If the reaction is a multi-electron one step reaction, the stripping peak, the concave
downward or anodic peak, will be much taller than the concave upward (cathodic) or deposition
peak [80]. Thus, the pattern of a CV can reveal information about the reactions occurring at an
anode surface.
Hysteresis or the reduction in current, accompanied by change in CV shape over
successive cycles is evidence of a surface dominated effect, which is lessened through the
electropolishing of successive cycles. CVs of the U/U3+ reaction couple were measured using the
uranium working electrode, tungsten counter electrode and Ag/AgCl reference electrode system
at 450°C. Each CV was obtained between -1.5V and 0. 5V relative to the reference electrode.
Scans began and ended at 0V relative to the reference electrode. A scan rate of 50mV/s was
used.
3.1.1.3 Potentiodynamic Testing in LiCl/KCl
Potentiodynamic testing was used to examine the polarization behavior of uranium.
Potentiodynamic testing is the slow sweep of potential in either the anodic or cathodic direction
while monitoring current for a M/Mn+ redox couple. It is frequently used in the study of
corrosion and potentiodynamic sweeps often reveal passivation of the corrosion process due to
film formation. Potentiodynamic testing was utilized to determine the effect of film-like buildup
of material during anodic polarization of uranium metal.
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Potentiodynamic scans (PDS) of the U/U3+ redox reaction using the described threeelectrode cell were obtained in the anodic and cathodic sweep direction. Anodic sweeps were
conducted beginning at -0.02V relative to the reference electrode and swept in the direction of
anodic reaction potentials to 0.5V relative to the reference electrode. Current was recorded at
one data point for each 0.1mV of overpotential to obtain satisfactory detail. Between
potentiodynamic tests the system was allowed to equilibrate at open circuit until the open
circuit potential indicated the system had again reached equilibrium usually between 500 and
3600 seconds. Scan rates of 0.1, 0.166 and 1.0 mV/s were used. The scan rate of 0.166 mV/s
was selected based on Solartron’s recommendation for potentiodynamic testing. The other two
scan rates and a third at 0.01mV/s, only conducted once at 500°C, were selected to determine if
scan rate had an effect on the phenomena observed. After several of the anodic sweeps, an
anodic sweep in the opposite direction was conducted to determine if hysteresis was occurring.
These sweeps began at 0.5V and swept in the negative direction to -0.02V overpotential that is,
the reverse of the positive direction anodic scans.
Cathodic scans of the working electrode were obtained with the potential starting at
≈0.02V relative to the reference electrode and sweeping in the cathodic direction as far as
possible before the 2.5A current limit of the Solartron1285 potentiostat was reached. These
cathodic sweeps were conducted to examine the deposition behavior of uranium onto the
working electrode. Scan rates of 1, 0.166 and 0.1mV/s were used to observe if scan rate might
have any effect on the phenomena observed.
Both directions of scans, anodic and cathodic, were conducted at temperatures of 450°C
to 650°C in 50°C intervals to observe any change in the observed phenomena with temperature.
Between temperatures, the working electrode was raised and abraded with a steel file until the
gray shiny surface of the metal was revealed. The material removed by this abrasion was
collected for analysis.
Additional potentiodynamic tests were conducted in LiCl/KCl salt using a Pyrex glass
housing for the reference electrode to confirm that the mullite reference electrode housing had
no effect on the electrochemistry in the cell. Scans with the glass housed reference electrode
were obtained at scan rates of 0.1 and 1.0 mV/s at a temperature of 500°C. Overpotential
ranges of -0.02 to 0.5V were scanned for the anodic region and 0.02 to -0. 5V for the cathodic
region.
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The current and overpotential data obtained from the scans were normalized against
small changes in reference potential using the measured reference potential prior to and after
each test. The surface area of the working electrode during each test was calculated
geometrically by the known immersion depth, as controlled by the vertical translator and the
measured diameter of the working electrode at the conclusion of each set of tests. To
determine the change in surface area during a set of tests, Shibuta’s relation for surface area
change, as presented in section 2.7.3 and shown in Equation 3.1 was used.
∆J =

` A o 
.

3.1

In Equation 3.1, i is the current density, Δt is the time passed, L the length of the
exposed electrode, Vm the molar volume, and ΔS is the change in surface area. Thus, the amount
of surface area lost or gained between any two tests was calculated from the current density
applied, the time interval over which it was applied and the exposed length of the electrode as
set by the vertical translator and confirmed by the measurements of the electrode prior to each
test.
3.1.1.4 Potentiodynamic Testing in LiCl
Potentiodynamic tests were also conducted in LiCl at 650°C to determine the
polarization behavior of uranium in LiCl and to determine if the behavior observed in LiCl/KCl
was influenced by the presence of potassium. The setup of the electrochemical cell was identical
to that used in the LiCl/KCl studies with the exception that the electrolyte used was LiCl with
approximately 6 wt% UCl3. Prior to use, the LiCl salt was treated to remove any oxygen
contamination by exposure of a solid piece of uranium to the molten salt for several days. The
housing for the reference electrode was the Pyrex glass tube rather than the mullite tube. The
reference electrode contained a slightly higher AgCl concentration at 3 wt% instead of the 1 wt%
previously used. No materials contaminated with KCl were exposed to the LiCl salt. Scan rates of
0.1, 0.166 and 1.0 mV/s were examined and the data were analyzed in the same way as the data
obtained from testing with the LiCl/KCl electrolyte to produce current density- overpotential
curves.
3.1.1.5 Potentiodynamic Testing to Determine Kinetic Parameters
A set of experiments were conducted to obtain data free from the influence of surface
effects and anode material formation for the purpose of determining kinetic parameters for the
system. In order to do so, the same style three-electrode cell was used as was used in the
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potentiodynamic testing over large overpotential ranges. The experiments were conducted
potentiodynamically over a limited overpotential range of ±15mV in both positive and negative
scan directions. Operating at such low overpotentials ensures limited change in surface area and
prevents buildup of material at either electrode, due to anode film formation or cathodic
deposit. The scan rates used were the same as in the previous potentiodynamic experiments, 1,
0.166 and 0.1mV/s. To provide a clean nearly identical surface condition prior to each scan, a
cleaning step was introduced between scans. The cleaning step consisted of holding the
electrode at 5 to 7.5 mV positive overpotential in order to remove any deposit, polish the
surface and prevent any buildup of material at the anode. The system was then allowed to rest
at open circuit potential for equilibration before the next scan was conducted. Abrasion was not
applied to the working electrode and no powder samples were gathered. The tests were run in
the positive and negative directions at each temperature examined previously, from 450 to
650°C in 50° intervals, in each electrolyte, LiCl/KCl 6 wt%UCl3 and LiCl 6 wt% UCl3, and with each
reference electrode housing, glass and mullite. The data were normalized in the same way as
the full scale potentiodynamic data. The surface area used to calculate the current density was
measured geometrically and held constant for each temperature as the scale of the operating
current during the tests was small enough to have minimal effect on the working electrode
geometry.
3.1.2 Calculating Tafel Constants and Exchange Current Densities
Potentiodynamic data is frequently used to determine Tafel constants and exchange
current density in corrosion work [40]. Two methods have been utilized in the literature, as
described in section 2.6.1, the Tafel extrapolation method and Oldham-Mansfeld method. The
Tafel extrapolation method consists of plotting overpotential, η, against current density, I, in an
overpotential range of 50 to 150mV in each reaction direction. This approach gives a slope and
intercept that can be used to derive, β and i0, according to Equation 2.15. Because Tafel
behavior only exists at high overpotentials in the absence of concentration polarization and
passivation, this method is inappropriate for use when passivation by a film is known to occur.
The Oldham-Mansfeld method, which uses pre-Tafel region potentiodynamic data, can
also be used to determine Tafel constants and exchange current density. The potentiodynamic
data obtained via the experiments discussed in Section 3.1.1.5 were analyzed first for
polarization resistance, at ±5mV for 450°C data, ±2mV for 500°C data and ±1mV for higher
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temperature data. This approach was used in anticipation of the rise in Tafel constant with
temperature expected from the definition of Tafel constant presented in Equation 3.2. However,
it was necessary to use a smaller overpotential range to maintain the Δη/β<0.1 relation required
for the Oldham-Mansfeld method to be applicable.
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The slope of a line fitted to the current density versus overpotential data gives the
inverse polarization resistance, Rp, for the reaction, by Equation 3.3. Lines were fit to the
experimental data using Microsoft Excel’s trend line feature [81], which uses the least squares
method of fitting a line, where slope, m, is determined by Equation 3.4, and the intercept by
Equation 3.5.
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The linear trend line feature of Excel also computes a coefficient of determination, R2,
which describes how well the fitted line approximates the data. Equation 3.6 shows how this
coefficient is calculated. The closer the R2 value is to 1, the better the fit of the line. The
overpotential regions examined were assumed to be linear if the fitted line achieved an R2 of
0.95 or greater. Data that did not achieve this linearity measure were neglected.
The polarization resistance value was then used to plot 2.3Rpi versus overpotential.
These curves were fit using Origin software [82] to determine Tafel constants, βa and βc, from
Equation 3.7, a rearrangement of Equation 2.20. Manual adjustment of the parameters in Origin
was done until the level of error in the parameter values and the fit of the curve to the data
were optimized. An R2 value of 0.95 or greater was required before the curve fit from Origin was
accepted.
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Having calculated the Tafel constants, these values were then used to calculate the
exchange current density by Equation 3.8, also presented as Equation 2.21 where exchange
current density replaced corrosion current density since the method was first developed for
corrosion systems and is applied here to the equilibrium case of the redox couple of U/U3+.
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Also calculated were the ratio of the overpotential range used in calculating Rp and the
Tafel constants to determine if the ratio was indeed less than 0.1, as is required for the OldhamMansfeld method to be applicable. The Wagner number for each data set was also calculated,
by Equation 3.9, to determine if ohmic drop in the cell was a concern. Conductivity of the
solution was obtained from the work of Van Artsdalen and Yaffe [83] and a characteristic length
of 2 cm was used for the cell, as the length between working electrode and counter electrode
was 2 cm.
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An exponential function for the behavior of exchange current density with temperature
was fit to the data using Microsoft Excel’s trend line feature. The activation energy, EA, was then
estimated from the exponential term in the fitted exchange current density function, using the
Arrhenius relationship shown in Equation 3.10.
3.1.3 Film Analysis Methods
A key to understanding the effect on uranium polarization and the formation of the
anode material is to understand its composition. The potentiodynamic experiments discussed in
the previous section served a dual purpose. In addition to measuring the polarization behavior
of a uranium electrode, they generated the buildup of material on the surface of the anode from
which to take samples. Chemical analysis and imaging of samples of this anode material may
reveal information concerning its composition and formation mechanism.
Preliminary experiments, prior to obtaining a uranium rod of satisfactorily small size for
use in examining uranium polarization, also provided some samples of the anode material for
use in identifying its composition. Those samples were obtained in a three-electrode cell similar
to that used in the uranium polarization experiments conducted in this work, but with the main
difference of a tungsten working electrode and a large uranium counter electrode. By sweeping
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cathodically, uranium was removed from the large counter electrode and deposited to the
tungsten working electrode. This created an anodic counter electrode surface where film-like
buildup occurred. This large uranium counter electrode was then withdrawn from the
electrolyte, cooled, and abraded with a steel file, removing a fine powder which was collected.
A similar powder sample from the 500 mV scan potentiodynamic experiments
conducted in this work, described in section 3.1.1.3, was removed from the working electrode, a
uranium rod, after sweeping in the anodic direction. The material was removed by abrasion of
the cooled electrode with a steel file and the resultant powder was collected. After the PDS test
conducted at 0.01mV/s scan rate, the working electrode was removed from the cell, cooled and
saved for analysis and imaging.
Portions of the two powder samples were mounted onto glass slides using double stick
tape. The slides were then sealed with saran wrap and placed in an X-ray diffractometer where
they were examined over a two-theta range of 10° to 100°. The diffraction patterns produced
were compared with any compound present in the International Centre for Diffraction Data’s
database [84] containing some combination of lithium, potassium, or uranium, with chlorine as
well as oxygen containing compounds to determine which compounds were present.
Compounds containing valences of uranium other than 3+ were also considered.
A portion of the powder sample obtained from the counter electrode used in
preliminary experiments was mounted on carbon tape on an Al disc and carbon coated. It was
examined under a scanning electron microscope (SEM) to observe any ordered pattern that
might exist and to look for metallic phases amongst the salt.
The uranium working electrode, that was initially 6mm in diameter, was set aside for
analysis after PDS testing at a scan rate of 0.01mV/s, was mounted into a quick setting acrylic
(Samplqwik, by Bhueler), and sectioned both radially and axially. The sections were then carbon
coated and examined using the SEM to observe any features exhibited on the working
electrode.
In both SEM analyses, two techniques were used to examine the material, back
scattered electrons (BSE) and direct scanning electron microscopy (SE). Several distinct points of
analysis were examined using BSE to obtain the elemental composition at discrete positions in
the images. The remaining portions of the powders, the material not used in XRD and SEM
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analysis, were analyzed using inductively coupled plasma mass spectroscopy (ICP-MS) to
determine elemental composition.
3.1.4 Laboratory-Scale Electrorefining Experiments
Any mathematical model requires experimental data for comparison to evaluate its
performance. Laboratory-scale electrorefining of U-Mo foils was conducted to provide data to
evaluate the developed polarization model and corrosion models’ accuracy.Three U-10Mo foils,
with a total mass of 3.15 grams and cut into pieces approximately 0.39 in. by 0.59 in., were
electrorefined. The surface area per unit mass ratio of the foils was large at 442.9 in2/kg. Similar
to the laboratory-scale potentiodynamic experiments, a three electrode electrochemical cell
was used. The working electrode was a steel basket containing the foils, the counter electrode
was a threaded steel rod and the reference electrode consisted of a silver wire immersed in 1
wt% AgCl contained in a round bottomed mullite tube.
The electrodes were lowered through a heat shield into a heated zone containing an
electrically isolated steel crucible holding LiCl-KCl with approximately 6wt% UCl3 at 500°C. The
electrodes and heat shield were electrically isolated from each other by ceramic tubing. The
furnace well was located inside a controlled atmosphere glovebox with a helium atmosphere
maintained at less than 15 ppm of oxygen and 1 ppm moisture. Constant current operation was
used with a cutoff voltage of 0.75 V between anode and cathode. Because a reference electrode
was used, individual anode and cathode voltages were monitored in addition to cell voltage and
current using the Solartron 1285 potentiostat. In addition to operational data, mass balance
data was collected to determine efficiency and yield.
A second laboratory-scale experiment using U-10Mo foil fuel was conducted at the
higher operating temperature of 600°C. The same three electrode cell from the previous
laboratory-scale electrorefining experiments was used. The fuel consisted of one U-10Mo foil
with a mass of 1.168 grams. The experiment was run with potential controlled at 7.5mV of
overpotential for approximately 500 coulombs of charge passed. The test was conducted so that
material buildup at the anode would not occur since the overpotential is below the potential at
which the formation of the anode material usually occurs. Data collected during the test
included cell current, cell potential, and individual electrode current and potentials.
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3.2 Computational Modeling
The results obtained from the experimental work were used to generate an empirical
model for the polarization of uranium. This model was used in combination with corrosion
theory and one-dimensional diffusion theory to construct an engineering model for
electrorefining uranium. The model was compared to electrorefining data to evaluate its
performance.
3.2.1 Modeling Polarization of Uranium
To effectively model uranium electrorefining it is necessary to predict the current
response of a uranium-containing electrode at any applied potential. Using the current densityoverpotential response data obtained from the PDS experiments with uranium electrodes in
LiCl/KCl eutectic salt, polarization curves were plotted for each temperature and scan rate
measured. An empirical model was then developed to simulate these curves. The polarization
curves observed were so complex in structure, it was necessary to break the data into analysis
regions, which appeared to be affected by similar behavior and keeping in mind the intent of the
model to be non-computationally intensive. A more rigorous model may be obtained in future
work but due to the complexity of the behaviors observed in the experimental work an
empirical model was developed for this effort.
The data at each of the five examined temperatures and four examined scan rates were
divided into four sections with each exhibiting distinct behavior. In some of the higher
temperature data, 550- 650°C, not all four behaviors were exhibited and only those clearly
exhibited behaviors were included in the analysis. The charge density at the points on the
polarization curves where the data were divided into each of the four regions were compared to
the scan rate and temperature to determine predictive functions for the division points between
the data regions.
For each of the four behaviors exhibited, several mathematical models were applied to
determine the best model for predicting polarization. Curve Expert software was used to obtain
statistics on the model comparisons [85]. Curve Expert allows the user to input custom models
in order to fit the models to a data set. Some of the models input included, a basic linear model,
the Butler-Volmer Model, as discussed in section 2.5, and the Mixed Polarization Model, as
discussed in section 2.6.
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Once a model was decided upon for each data region it was fit to that behavior region
of each data set using Origin software, which gives more detailed fitting statistics than Curve
Expert software [82]. Each model fit to each data region achieved an R2 value of 0.95 or greater.
The parameter values obtained from the models were then compared between temperatures
and scan rates within the same behavior region to elucidate any useful trends that could be
used to determine the parameters for simulating electrorefining. These models and parameters
for each behavior region as well as the functions describing the boundary of each behavior
region form the empirical polarization model.
3.2.2 Electrorefiner Model
The calculations are diagrammed in Figure 3.4, showing the flow of data through the
model. The diagram shows the inputs of the user generating polarization curves for each
electrode, adjusted for electrode area, from which the main operating parameters, the cell
current and potential are found. From that point, the model determines which species are
dissolving or depositing at the operating current and potential and at what rate. Flux across the
cell is calculated and the resultant change in surface area of each electrode is calculated. The
concentration of each species at each electrode surface is calculated. The model then iterates
the entire calculation for the next second in time or next coulomb of charge depending on the
simulation’s end mode. Once the end condition has been met, all data are plotted and output to
an excel file. The model has a user interface, which is described in Appendix A.

Figure 3.4: Electrorefiner Model Block Diagram
To determine cell polarization curves, the model treats each species separately and each
electrode separately. Therefore, each half reaction that could occur in the electrochemical cell is
assigned a polarization curve. Anodic lines are approximated by Tafel behavior in the absence of
more accurate polarization curves with no limit imposed by salt concentration. The empirical
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model developed from the PDS data discussed in Section 3.2.1 were implemented for the U/U3+
anodic half reaction.
For the cathodic half reactions, a mixed polarization Tafel equation is used, shown in
Equation 3.11. This equation is an exponential curve whose asymptote represents the limit
imposed by the concentration of that species in the salt, iL, the limiting current density. The
definition of limiting current density, as imposed by the concentration of ions in the salt, is given
in Equation 3.12.
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In Equation 3.11, η is overpotential, i, the current density and io, the exchange current
density. The Tafel constant, β, and the exchange current density for uranium were determined
experimentally. Data for other species were estimated from literature values.
The anodic and cathodic reaction polarization curves are then summed to total anode
and cathode curves. These curves must be adjusted for unequal electrode surface areas. If the
anode and cathode have unequal surface areas, the cathode curve is adjusted by the logarithm
of the ratio of cathode surface area to anode surface area as is traditionally done in corrosion
calculations. This adjustment is shown in Equation 3.13, where ηc*(i) is the adjusted cathodic
overpotential as a function of current density. This adjustment is necessary since the curves are
current density dependent.
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This collection of corrected curves can be shown in a potential versus the logarithm of
current density plot to create a polarization map of the system. An example of such a map is
shown in Figure 3.5. In Figure 3.5, i represents current density and E potential; the figure is not
drawn to any scale but is an example of how a polarization map is constructed.
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Figure 3.5: Example of Polarization Map for U-Mo-Zr System (Not to Scale) [30]
As can be seen in the map in Figure 3.5, the cell potential is found by the difference
between the anode and corrected cathode curves. If the user supplies a voltage then the
associated current density can be found, and if the user supplies a current, it can be converted
into current density using the anode surface area and the cell potential can be found. Equation
3.14 shows the calculation of cell potential from both overpotential, and anodic and cathodic
electrode potential curves.
^@@ = R 7^@@   R^∗ 7^@@  =  7^@@  − ^∗ 7^@@ 

3.14

As seen on the polarization map in Figure 3.7, the current density specified by the user
or the cell voltage, as applied to the anode and cathode curves, will give the anode and cathode
electrode potentials. These electrode potentials applied to the individual species anode and
cathode curves will determine the partial current density associated with each species. In Figure
3.5 the molybdenum anodic curve does not intersect the anode’s potential line. Therefore, no
current is associated with its dissolution, meaning it will not dissolve at this cell potential.
Knowing the partial current density for each species at each electrode enables the
model to calculate the rate of deposit, dissolution, the flux across the cell and the change in
surface area at each electrode due to the dissolution or deposition of material. The rate of
deposition and dissolution of species k, rk, in moles per unit area per second is calculated with
Equation 3.15. In Equation 3.15, ik is the species k partial current density, and nk the ionic
valence of species k.
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The concentration of any particular species at an electrode surface can be calculated
using a three part driving force flux calculation to describe the ions’ transport in and out of a
diffusion layer and comparing it to the ions’ generation or consumption in reaction, rk. The
model assumes a constant concentration of ions across the bulk of the salt. Therefore, the
anode surface concentration of ions is the difference between what is generated, r, and what is
moved out of the diffusion layer, J. The cathode surface concentration is the difference between
what is transported into the diffusion layer, J and what is reduced, r. Equation 3.16 shows the
calculation of J, the flux of ions into and out of the diffusion layer, where ui is ionic mobility, Dk is
the diffusion coefficient for species k in the medium, and v is the stirring velocity, which in the
case of this model will always be zero as there was no stirring. Equation 3.17 calculates the
concentration of ions at the anode surface. Similarly Equation 3.18 calculates the ion
concentration at the cathode surface, where δ is the diffusion layer thickness.
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The next step in the model is to alter the surface area of the electrodes due to the
dissolution and/or deposition taking place at each. At the electrodes the surface area change is
modeled using Equation 3.19, which approximates the change in surface area at the cathode
due to material deposition.
7=
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3.19

In Equation 3.19, Vm is the molar volume or the molar mass divided by the density of the
material, L is the length of immersed electrode and ∆A is the change in surface area caused by
the current density, i, over the time interval, ∆t. Once the model has adjusted the electrode
surface areas, the calculation is iterated. An iteration time of one second is used when the
stopping mode is time and one amp-hour of charge is used when the stopping mode is charge.
The iteration begins from the calculation of the polarization curves for each species. If a cutoff
voltage or current is reached during one iteration, the current or potential will be adjusted by
the user indicated step size at the end of that iteration. Iterations will stop when the user
indicated stop mode condition has been met.
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Table 3.1: Properties Used in the Model by Element
Property
Molecular Weight
Density
n
Eo WRT U/U3+
Transfer Coefficient
i0
Diffusion Coefficient
Ionic Mobility

Units
g/mol
Kg/L

U

Mo
Zr
Fe
Li
K
238.00
95.94
91.22
55.85
6.94
39.10
19.10
10.30
6.51
6.98
1.56
1.56
~
3
3
4
2
1
1
V
0.000
1.456
0.446
1.697
-1.181
-1.366
TBD
0.145
0.145
0.145
0.145
0.145
A/cm2
TBD
0.100
0.186
0.100
0.100
0.100
m^2/s
1.45E-09 1.00E-09 1.13E-09 1.00E-09 1.90E-09 2.40E-09
m^2 mol/ J s 2.26 E-13 1.00E-13 1.76E-13 1.00E-13 3.00E-13 3.80E-13

Table 3.1 shows the properties used in model calculations, including molecular weight,
density, ionic valence, standard potential, transfer coefficient, exchange current density,
diffusion coefficient and ionic mobility for each species in the model. The standard potentials
were obtained from the electrochemical series and adjusted to be referenced to the U/U3+
couple [85].The transfer coefficient and exchange current density for uranium were determined
experimentally. The transfer coefficient and exchange current density for zirconium were
estimated from the work of Gosh [11], while the remaining species’ parameters were estimated
based on zirconium. Diffusion coefficient and ionic mobility for the materials were taken from
several literature sources [11, 21, 80].
Table 3.2: Constants Used in the Model
Symbol
R
F
δ

Units
Value
J/(mol*K)
8.314
J/(V*mol)
96485
cm
0.002

Table 3.2 shows the constants used in the model including the universal gas constant, R,
Faraday’s number, F, and the diffusion length, δ. These equations, properties and constants in
conjunction with empirically determined Tafel constants, exchange current densities and anodic
polarization functions were used to form a complete mathematical model for the electrorefining
of U-10Mo zirconium clad fuel plates.
A set of threesimulations were run using the constructed model for electrorefining. The
electrorefining of U-Mo foils clad in zirconium at 500°C and at 600°C were simulated for
comparison to electrorefining test data to evaluate the model’s performance. A third simulation
was run that was not based on experimental data, U-Mo foils at 650°C, for comparison to the
lower operating temperature traditionally used in electrorefining.

54

CHAPTER 4: RESULTS

4.1 Experimental Work
Electrochemical testing of a uranium anode has been conducted to determine the
polarization behavior of uranium during electrorefining. These tests also supplied samples of an
unknown anodic film-like material for chemical analysis and imaging. Data from the
electrochemical testing helped gain an understanding of the uranium electrochemistry as well as
the observed material’s formation mechanism and effect. The electrochemical testing was also
used to develop an empirical model of the polarization behavior of uranium anodes. The
chemical analysis and images of the sampled anodic material was used to identify the material
and to help describe its formation mechanism.
4.1.1 Uranium Electrochemical Studies
The first step in determining the polarization behavior of a uranium anode is to establish
the redox reactions occurring in the system. Cyclic voltammetry was used to identify the redox
reactions and confirm the presence of one distinctive stripping peak (concave down) and one
smaller deposition peak (convex up) indicating the only reaction occurring is the oxidation of
uranium metal to U3+ and its subsequent reduction back to metal. The potential relative to the
reference electrode at which the reaction occurred, approximately -1.5 V, was in agreement
with the standard potential [85]. Having determined that the only redox species in the system,
other than the base salt, was uranium, further electrochemical testing could be conducted.
4.1.1.1 Anodic Potentiodynamic Scans in LiCl/KCl
Potentiodynamic scans were conducted in LiCl/KCl with approximately 6 wt% UCl3,
between -0.02 and 0.5V overpotential. The polarization behavior of the system was evaluated at
five temperatures between 450 and 650°C to observe the response of the uranium anode and
the effect of temperature upon the response. Three different scan rates were used to determine
if the observed response was the result of scan rate or phenomena occurring at the anode.
Figure 4.1 shows the polarization curves obtained at 450°C at all three scan rates.

55

Figure 4.1: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 450°C in LiCl/KCl
The general shapes of the curves at this temperature are similar showing three distinct
features. The first feature is a reduction in current density near 50 mV. The 0.166 mV/s scan rate
data show a change in the slope of the line in the same low overpotential region instead of a
decrease in current density as observed in the 0.1 mV/s scan. The second feature of all three
curves is a region in the range of 100 to 250 mV, which produces little to no rise in current
density with rising overpotential, a passive region. In the case of the 1.0 mV/s curve this passive
region is preceded by a peak in current density near 120 mV. This peak may be produced by a
scan rate that is too fast and produces scan rate dependent phenomena. The third feature of all
three curves is a return to rising current density with rising overpotential after 250 mV.
PDS tests at 500°C show similar response behavior to the tests conducted at 450°C. An
additional scan rate was tested at this temperature, since 500°C is the usual operating
temperature for electrorefining and further scrutiny of the effect of scan rate was desired. The
data for all four scan rates at 500°C are shown in Figure 4.2. An initial reduction in current
density is again observed near 50 mV in all four of the scan rates observed. A passive region is
observed above 100 mV in each scan rate, although it begins at higher overpotential with
increased scan rate. The third feature of rising current density with rising overpotential also
occurs in all four scan rates, although in the slowest scan rate, the current limit of the
potentiostat was reached soon thereafter cutting off the test.
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Figure 4.2: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 500°C in LiCl/KCl
In the 500°C tests, shown in Figure 4.2, the highest scan rate showed no additional
features compared to Figure 4.1. However, a trend between the starting potential of the passive
region and the level of current reduction in the passive region with scan rate is observed at
500°C.

Figure 4.3: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 550°C in LiCl/KCl
The potentiodynamic data taken at 550°C are shown in Figure 4.3. All three distinct
features observed in the 450 and 500°C data are observed at only one scan rate, 0.166 mV/s. In
this data set, the initial reduction in current density has moved to less than 25 mV and the onset
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of the passive region has moved to nearly 225 mV. The data set taken at 1 mV/s shows the initial
reduction in current density but does not show the other features observed in the 450 and
500°C data. The slowest scan rate, 0.1 mV/s, shows none of the features observed at lower
temperatures and resembles classic polarization behavior.

Figure 4.4: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 600°C in LiCl/KCl
Data taken at 600°C are shown in Figure 4.4 at three scan rates. All three scan rates
exhibit a reduction in current density near 50 mV. The two slower scan rates then rise to a
plateau where rising unsteady behavior is then observed. Both tests terminated prior to 0.5 V of
overpotential, indicating that the area of the electrodes grew large and caused very high total
currents and therefore reached the limit of the equipment and terminated the tests early. The
fastest scan rate, 1.0 mV/s, at 600°C shows classic concentration polarization above 50 mV.
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Figure 4.5: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 650°C in LiCl/KCl
At 650°C, the complex polarization behavior of the uranium completely disappears and
is replaced by classic polarization, as shown in Figure 4.5, for all three scan rates. The complexity
of the polarization shape is therefore highly temperature dependent.

Figure 4.6: Polarization Curves of a Uranium Anode at Anodic Overpotentials at 550°C, 1mV/s in
LiCl/KCl and in Two Directions.
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Effects of hysteresis can indicate a surface area dominated effect therefore, a test was
run at 550°C and 1 mV/s to observe if any hysteresis in the data existed when an initial
reduction in current density was observed. The test was run by changing the direction of the
scan from -0.02 V to 0.5 V to the reverse of 0.5 V to -0.02 V. The resulting curves are shown in
Figure 4.6. When the test was run in the reverse, no reduction in current density is observed
near 50 mV and the curve appears to exhibit classic polarization behavior. This behavior is
indicative of a surface dominated phenomenon having an effect on the forward scan.
4.1.1.2 Cathodic Potentiodynamic Scans in LiCl/KCl
After each scan of anodic overpotentials, a scan of cathodic overpotentials was
conducted at the same temperature and scan rate. These potentiodynamic scans of the regions
of overpotential cathodic to the U/U3+ couple were conducted to examine the polarization
behavior of uranium during deposition. The data taken at 0.1 mV/s are shown in Figure 4.7 for
all five examined temperatures. All of the data except for the 650°C test were unable to reach
0.5 V overpotential during the scans. The tests were terminated because the upper current limit
of the potentiostat at large overpotential was exceeded. The data at 650°C did reach 0.5 V
overpotential as the surface area of the electrode in that test was considerably smaller than in
the lower temperature tests because the 650°C experiment was performed last and the
electrode had reduced significantly in radius by that time due to extensive dissolution during the
anodic scans.
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Figure 4.7: Polarization Curves of a Uranium Electrode at Cathodic Overpotentials at 0.1mV/s in
LiCl/KCl
Abrasion of the electrode surface, as is done to collect samples for chemical analysis,
effects the electrodes cathodic performance by reducing the effective surface area through
polsihing. This effect is shown in the data taken at 0.1 mV/s scan rate at 500°C, while data taken
at other temperatures have a shape typically seen in classic Tafel polarization. This disruption
due to sample collection can also be seen in data collected at 0.166 mV/s, shown in Figure 4.8,
at 450°C and 550°C. In Figure 4.8, the data at 550°C appear to return to normal Tafel behavior
after approximately 100 mV, likely due to the deposition of dendrites onto the electrode
surface.
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Figure 4.8: Polarization Curves of a Uranium Electrode at Cathodic Overpotentials at 0.166mV/s
in LiCl/KCl
In Figure 4.8, the 650°C data set appears to have a higher overall current density level
than the other four temperature sets taken at 0.166 mV/s scan rate. One reason for this may be
the use of geometric area to determine current density. The data taken at 650°C were taken
last, after the electrode had been significantly reduced in size due to extensive anodic
dissolution in the PDS of anodic overpotentials, as discussed previously.
This trend is seen more clearly in the data collected at 1.0 mV/s, shown in Figure 4.9.
The data sets appear to decrease in current density from 450 to 600°C and then increase
dramatically at 650°C. In the case of 550 and 600°C however, the alteration in shape that has
become associated with electrode cleaning prior to the test is observed, which obscures other
trends.
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Figure 4.9: Polarization Curves of a Uranium Electrode at Cathodic Overpotentials at 1.0mV/s in
LiCl/KCl
In all the cathodic tests with results that were not obscured by the effects of electrode
cleaning, a classic Tafel behavior was observed.
4.1.1.3 Glass Reference Electrode in LiCl/KCl
Potentiodynamic scans of the same three electrode system, used to probe the anodic
and cathodic behavior of a uranium anode, were conducted with a Pyrex glass housing for the
reference electrode rather than the mullite housing used previously to determine if the
reference electrode housing had any unexpected effect on the electrochemistry of the cell.
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Figure 4.10: Polarization Curve of a Uranium Electrode at Anodic Overpotentials at 0.1mV/s and
500°C, with a Pyrex Glass Housed Reference Electrode in LiCl/KCl
In Figure 4.10, an anodic potentiodynamic scan of the uranium electrode versus a glass
housed reference electrode at 500°C and 0.1 mV/s is shown. The shape exhibits the four
regions shown in the anodic potentiodynamic scans observed using a mulite housed reference
electrode; an initial reduction in current density near 50 mV, a leveling off near 100 mV, and a
flat passive region followed by a return to active behavior at very high overpotentials.
Therefore, the reference electrode housing had no measureable effect on the electrochemistry
of the cell.
4.1.1.4 Potentiodynamic Scans in LiCl
The polarization of a uranium anode was also observed in LiCl rather than LiCl/KCL
eutectic to determine if potassium was responsible for the observed material on the anode and
its subsequent effect on polarization. As the melting point of LiCl is higher than that of the
eutectic salt, tests were only conducted at 650°C. Figure 4.11 shows the anodic potentiodynamic
response of the uranium electrode at a scan rate of 0.1 mV/s.
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Figure 4.11: Polarization Curves of a Uranium Electrode at Anodic Overpotentials at 650°C and
0.1mV/s in LiCl
Two distinct behaviors were observed in the data. If the system was allowed to rest
between tests for a maximum of one hour, the response became suppressed near 175 mV.
However, if the system was allowed to rest until equilibrium was achieved in the system, as long
as three hours, the shape observed in the potentiodynamic response more closely resembles
Tafel behavior. This behavior was also observed in the 1.0 mV/s scans and is shown in Figure
4.12. The behavior is very similar to the anodic behavior at the slower scan rate of 0.1mV/s.
When a long rest is applied, the shape associated with simple Tafel behavior is seen and when
the rest is short suppression in the current density at less than 100 mV is seen.
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Figure 4.12: Polarization Curves of a Uranium Electrode at Anodic Overpotentials at 650°C and
1.0mV/s in LiCl
The cathodic responses of the same uranium electrode in the same LiCl-UCl3 electrolyte
at three scan rates are presented in Figure 4.13. The behavior is the expected simple Tafel
behavior and is consistent with the behavior seen in the LiCl/KCl eutectic electrolyte. The
longest scan rate, 1.0mV/s has the shortest length test, as the current limit on the potentiostat
was reached soonest in that test.
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Figure 4.13: Polarization Curves of a Uranium Electrode at Cathodic Overpotentials at 650°C in
LiCl
4.1.2 Determining Tafel Parameters
To obtain Tafel parameters for the U/U3+ couple, it was necessary to obtain data free
from the influence of the buildup of material on the uranium anode. Therefore, scans of the preTafel region were obtained incorporating an electropolishing step and sufficient rest time
between tests to enable repeatable data to be obtained from nearly identical surface
conditions. These tests were conducted in both positive and negative scan directions, in both
electrolytes, LiCl/KCl eutectic and LiCl, and with both types of reference electrode housings,
mullite and Pyrex glass. Data that did not show evidence of surface effects were then analyzed
using the Oldham-Mansfeld method to obtain the Tafel constants and exchange current density
for the U/U3+ redox couple.
4.1.2.1 Tafel Parameter Potentiodynamic Scans
In LiCl/KCl eutectic, the potentiodynamic scans with a uranium electrode over the preTafel region (±15 mV) showed no pattern with scan rate. An example of one set of positive and
negative direction scans, taken at 0.1 mV/s and 600°C is shown in Figure 4.14. At the startup of
each scan as the potentiostat charged to full capacity, small wings in the data were observed,
which were neglected in any further analysis, since they are not representative of uranium
polarization.
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Figure 4.14: Potentiodynamic Response of a Uranium Electrode in LiCl/KCl in the Pre-Tafel
Region of Overpotential.
No hysteresis was observed between positive and negative scan directions in LiCl/KCl
eutectic salt, except for the 500°C and 1.0 mV/s case. The current density was reduced at an
overpotential >12 mV. Figure 4.15 shows this behavior as well as a large wing at the startup of
the positive direction scan.

Figure 4.15: Potentiodynamic Response of a Uranium Electrode in LiCl/KCl in the Pre-Tafel
Region of Overpotential at 500°C.
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This deviation from typical potentiodynamic behavior in the pre-Tafel region at 500°C
and 1 mV/s is likely due to a buildup of the material being investigated at the anode, which is
appreciable enough to affect the polarization behavior of the uranium electrode. The negative
direction scan does not show this effect.

Figure 4.16: Potentiodynamic Response of a Uranium Electrode in LiCl/KCl at 500°C in the PreTafel Region of Overpotential Taken with a Pyrex Glass Housed Reference Electrode
The pre-Tafel region data collected in LiCl/KCl eutectic using a glass reference electrode
housing is shown in Figure 4.16. The 1mV/s data in the positive direction has a tail at startup
otherwise the data is consistent among scan direction and rate, and is consistent with data
presented for the LiCl/KCl electrolyte using a mullite reference electrode housing.
In the LiCl electrolyte, scans at 0.166 and 1.0 mV/s showed hysteresis, which indicates
surface effects were dominating the polarization. In these data sets, the cathodic overpotentials
in the positive direction scans experienced higher current densities than in the negative
direction scans. At less than 5 mV anodic overpotential in the positive direction scans a small
discontinuity in the smooth curve occurred, shifting the anodic behavior to lower current
densities. Figure 4.17 shows this behavior. Data taken at 0.1 mV/s in LiCl showed no hysteresis.
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Figure 4.17: Potentiodynamic Response of a Uranium Electrode in LiCl in the Pre-Tafel Region of
Overpotential.
Because a majority of the data for the uranium electrode in LiCl exhibited hysteresis,
this data was not analyzed for Tafel parameters. Overall lower current densities were observed
for the uranium electrode in LiCl than in the LiCl/KCl.
4.1.2.2 Tafel Parameter Analysis
The potentiodynamic data obtained in the pre-Tafel region, using electropolishing steps
in LiCl/KCl eutectic, were analyzed for polarization resistance in the linear region of
overpotential described in section 3.1.2. An example of the linear region of the current density
versus overpotential response in the vicinity of the reaction potential is shown in Figure 4.18.
The data are extremely linear, achieving an R2 value of 0.9998. This level of linearity in the
polarization resistance data was achieved with every data set.
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Figure 4.18: Pre-Tafel Region Potentiodynamic Response Data for a Uranium Electrode in
LiCl/KCl at 450°C, Collected at 0.1mV/s.
The polarization resistance values obtained for data at each temperature scan rate and
scan direction in LiCl/KCl eutectic molten salt using mullite reference electrode housing were
calculated and are shown in Figure 4.19. No trend with scan rate or scan direction was observed,
as expected since tests showing hysteresis were excluded from the calculations. An exponential
dependence on temperature is observed and quantified in the figure. This data indicates that as
temperature increases, the resistance to polarization of the electrode decreases. Data at 500°C
show more spread in the polarization resistance values than in the other temperature data sets.
This result is likely due to interference due to film formation seen in the potentiodynamic
response data shown in Figure 4.15.
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Figure 4.19: Polarization Resistance Calculated from Potentiodynamic Data for Uranium in
LiCl/KCl
Using these polarization resistance values, the Wagner number for each data set was
calculated to determine if ohmic drop in the cell was negligible. The Wagner numbers were >1 in
all cases for the LiCl/KCl data. The Wagner number increased with temperature from an average
of 4.83 at 450°C to an average of 14.83 at 650°C due to rapidly rising solution conductivity with
temperature. For the LiCl data, however, the Wagner number was less than but approaching
one, indicating that ohmic drop is not negligible, but neither is it a dominating effect. For this
reason and due to the hysteresis in the positive scan direction data taken at 1.0 and 0.166 mV/s
in LiCl, the LiCl data were not used to calculate the Tafel constant and exchange current density
data for uranium at 650°C.
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Figure 4.20: Calculated Tafel Constants Averaged Over Scan Rate and Direction for the U/U3+
Couple in LiCl/KCl.
From the polarization resistance values shown in Figure 4.19, curves of 2.3Rpi vs. η were
generated and fitted using Origin software to Equation 3.7. The optimized values of Tafel
constant obtained from the fitting process are shown in Figure 4.20. The error bars represent
one standard deviation of the average for all scan rates and directions.
From the data shown in Figure 4.20, the Tafel constant appears to be inversely
proportional to temperature, while the definition presented in Equation3.2 shows a linear
relationship. Again, the 500°C data have larger standard deviation, likely due to the influence of
film formation as observed in the potentiodynamic response. To examine the potential cause of
this inversion in the relationship between Tafel constant and temperature, the transfer
coefficient, which is inversely proportional to Tafel constant, was calculated from the Tafel
constant data for each temperature and plotted versus temperature in Figure 4.21. Transfer
coefficients, as calculated from the average Tafel constants for each temperature examined,
show a linear relationship with temperature.

73

Figure 4.21: Transfer Coefficient for U/U3+ in LiCl/KCl Averaged Over Scan Rate and Direction.
From the Tafel Constants presented in Figure 4.18, exchange current density was
calculated using Equation 3.8. As it was previously confirmed that the only reactions occurring in
the LiCl/KCl uranium system were the oxidation (dissolution) and reduction (deposition) of
uranium, the exchange current density for the couple was calculated using the OldhamMansfeld method expression initially developed from the Butler-Volmer Equation and applied to
corrosion systems. The calculated values of exchange current density, averaged over scan rate
and direction are shown in Figure 4.22.
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Figure 4.22: Exchange Current Density for the U/U3+ Couple in LiCl/KCl Averaged over Scan Rate
and Direction.
Figure 4.22 shows that exchange current density calculated using the Oldham-Mansfeld
method from pre-Tafel region data show the expected exponential dependence on inverse
temperature. The relationship shown on the figure allowed for the calculation of activation
energy for the oxidation/reduction couple for uranium. The activation energy obtained was 34.4
kJ/mol. A second curve was fit to the data excluding the 500°C data that had increased
uncertainty to determine if the curve would be altered by its exclusion. The resulting expression
is nearly identical within the uncertainty of the fit. The activation energy resulting from the
curve fit to the data set excluding the 500°C data point was 34.5kJ/mol.
4.1.3 Film Sample Analyses
To determine the composition of the material forming at uranium anodes, it was
necessary to sample the material and chemically analyze it. Figure 4.23 shows two views of a
uranium electrode after a PDS experiment in LiCl/KCl eutectic at 500°C and 0.01 mV/s, the PDS
response of which can be seen in Figure 4.2. The response indicates that a buildup of some
passivating material has occurred. It can be seen from Figure 4.23 that a dark coating of some
material occurred on the anode. In a small section, gray in color, the material has been
removed manually by gentle abrasion with a steel file. During the gentle removal of this coating,
a perforation was made in the electrode revealing that it was hollow. A wire was inserted in the
end and the electrode was determined to be hollow for at least one inch of length. Examination
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of the uranium electrode’s initial dimensions and mass indicate that it likely contained voids on
the interior because the measured initial mass was 54% of the expected mass for a solid
uranium rod.

Figure 4.23: A Uranium Electrode Post-Testing at 0.01mVs in 500°C LiCl/KCl Eutectic
A portion of the powder sample obtained byremoval of material at the small gray spot
in Figure 4.23 was mounted on a glass slide sealed with plastic. This sample was named uranium
anode residue. A portion of a powder sample obtained from a previous experiment, which
should be equivalent in composition (see section 3.1.3), was also mounted onto a glass slide and
sealed in plastic. This sample was named counter electrode residue. The diffraction patterns for
these samples are shown in Figure 4.24, with the background counts removed from the pattern.
Peak positions for several potential candidate materials are also shown in Figure 4.24.
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Figure 4.24: XRD Patterns of Two Powder Samples of the Anode Material
Comparison of the XRD patterns for the samples to the library of available patterns
shows that the material is likely a mixture of LiCl/KCl eutectic with UCl3 and K2UCl5. The sharp
peak near 20° is associated with the sample holder used for the samples and was therefore not
used in the analysis. This assignment was confirmed by analysis of blank sealed slides, which
showed sharp peaks near 20°.
A second portion of the counter electrode residue sample obtained from a previous
experiment was mounted on carbon tape on an aluminum disc and analyzed using a scanning
electron microscope (SEM). The resulting image is shown in the bottom left of Figure 4.25. It
can be seen in the image that the sample is dominated by light gray salt phases. These phases
ares distributed randomly throughout the sample, which contains bright white metallic phases
as well.
The uranium electrode which was discovered to be hollow after anodic potentiodynamic
testing in LiCl/KCl eutectic at 500°C aand 0.01 mV/s, was mounted in acrylic, cut, carbon coated,
and analyzed under the SEM. The BSE images indicate metal phases in bright white colors, salt
phases in a light gray, and the surrounding carbon is the darkest color. The SE images have the
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same coloring, with an additional definition of sharp edges being indicated in a bright white
color as well.

Figure 4.25: (left to right, top to bottom) i)BSE of Radial Cross Section of 6mm U Rod After PDS.
ii)SEM of Radial Cross Section of 6mm U Rod After PDS. iii) BSE of Axial Cross Section of 6mm U
Rod After PDS. iv) SEM of Axial Cross Section of 6mm Rod After PDS. v)BSE of Powder Counter
Electrode Sample. vi)SEM of Crack in 6mm U Rod After PDS.
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The upper two images in Figure 4.25 show a radial cross section under first
backscattering (left) and then secondary electron scattering (right). It is clear from the image
that dissolution occurred on both the inner and outer face of the electrode. The dissolution was
also non-uniform, which is shown by the variation in thickness of the electrode. Comparison of
the SE and BSE images shows that some salt exists in pockets beneath the exposed metal
surface as evidenced by the gray color in the BSE image where the SE image indicates a metallic
surface.
The center two images (BSE and SE, left to right) show an axial cross section in the
vicinity of a perforation in the wall not shown in Figure 4.23 due to salt coverage. This result
further supports the observation of non-uniformity of corrosion, and that the corrosion
occurred from both the inside and the outside surfaces of the electrode. In fact, an occlusion of
salt can be seen in the metallic phase near the edge of the perforation in the bottom tongue of
remaining uranium. The bottom right image in Figure 4.25 is an enlargment of a section of the
upper right image clearly showing a crack in the metallic uranium and the build up of material at
the surface of the crack. This finding suggests that corrosion may occur preferentially or be
accelerated at such sites.
Elemental analysis conducted at discrete points along the surface of the metal-salt
interface in the cross section images shows that the resulting uranium concentrations vary from
1.6 to 28.6 mol %. Elemental analysis also determined that the portions of the images appearing
to be metallic were on average 90% uranium. The material being examined was not a good
electronic conductor at room temperature and 30 kV of potential was required to examine the
surfaces. Therefore, discrete points measured at high magnifications encompass volumes larger
than intended due to the high potential applied and may include the carbon coating applied to
the surface of the sample or other surrounding non-metallic materials.
The remaining portions of the powder samples used to make the sealed glass slides for
XRD analysis were analyzed using ICP-MS. The uncertainty in the ICP-MS elemental composition
data is ±10% of the reported value. The samples contained less than 0.5 wt% Fe indicating that
the sampling method of abrasion with a steel file results in minimal sample contamintation. The
counter electrode residue sample was 67.2 wt% salt while the uranium anode residue sample,
collected from the uranium working electrode pictured in Figure 4.23, was 98.4 wt% salt. Thus,
the samples are primarliy non-metallic. The potassium to uranium ratios in the salt fractions of
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the samples ranged from 13 to 16. The UCl3 content was 0.24 mol% for the counter electrode
residue sample, and 2.77 mol% for the uranium anode residue sample obtained from the
electrode pictured in Figure 4.23.
4.1.4 Laboratory-Scale Electrorefining Tests
The first laboratory-scale electrorefining test was run at 500°C using three U-Mo foils.
The current was initially set to 0.3 A and then raised after approximately 1800 coulombs to 0.5
A. As the overpotential reached the cutoff of 0.5 V, the system stepped down the current by 0.1
A to 0.4 A, then to 0.2 A, and so on as illustrated in the legend in Figure 4.26.

Figure 4.26: The Current Response to Electrorefining of U-Mo Foil Fuel at 500°C.
The second laboratory-scale electrorefining test using one U-Mo foil was conducted at
600°C in an effort to explore the effect of any film formation on the anode since the polarization
curves at higher temperature more closely resembled non-passivated systems. The operating
current during the test is shown in Figure 4.27. Four intervals were used, each with slightly
different starting current. The data shown in Figure 4.27 represent the four intervals with
different colored markers.
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Figure 4.27: The Current Response to Electrorefining of U-Mo Foil Fuel at 600°C.
Samples of product were collected only in the case of Test 1 at 500°C, as indicated in
Table 4.1. As shown in the table, Test 1, has an extremely low U recovery due to an insignificant
amount of collected product. Dendrites were often lost in the removal of the electrode from the
system due to contact with the heat shield or furnace well. The deposit that was collected,
however, had excellent purity, at 99.8 wt% uranium as determined by ICP-MS of the dendrites
collected.
Table 4.1: Laboratory-Scale Electrorefining Tests Data
Test 1
Test 2
Temp
°C
500
600
# of foils
3
1
Fuel Mass
grams
3.15
1.17
Area
in2/kg
442.9
442.9
Operation Mode
Galvanostatic Potentiostatic
Initial Current/voltage
0.30A
7.5mV
Charge Passed
Coulombs
3830
398
Anode Loss
grams
1.09
0.337
Deposit
grams
0.0168
~
Deposit Purity
wt %
99.8
~
U recovery
wt %
1.55
~

The electrorefining tests exhibit behavior that should be predicted through the use of
corrosion theory including the depletion of fuel and the development of passive anodic films.
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4.2 Computational Work
To obtain a mathematical description of the polarization behavior of uranium, empirical
modeling of the experimentally determined potentiodynamic response curves was completed.
This empirical model was then implemented in a MatLab based electrorefiner model, described
in section 3.2.2, to examine the polarization model performance. The electrorefining tests
described in section 4.1.4 were simulated to evaluate the model performance.
4.2.1 Modeling Polarization Curves for Uranium Dissolution
The complexity of the polarization curves observed for uranium cannot be modeled with
one simple equation, therefore the first step in developing an empirical model for the observed
uranium polarization behavior in LiCl/KCl eutectic was to divide the data into sections based
upon the apparent behavior occurring in the system. In the examination of the polarization
curves obtained in LiCl/KCl eutectic, it was noted that four general regions of behavior exist. The
first region occurs at low overpotential, typically under 50 mV as the current density rises to the
location of the first current reduction. The second region occurs from the location of that
reduction to the start of the passivation region. The third region is the passivation region where
the system exhibits a lack of growth in current density with increasing overpotential. The final
region is the return to growth in current density with increasing overpotential. These regions
can be seen in Figure 4.28, where the polarization curve obtained at 450°C and 0.1 mV/s is
divided by solid black lines along the boundaries of the four regions.

Figure 4.28: An Example of the Division of a Polarization Curve Along Behavioral Boundaries.
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The divisions of the four regions from each other were examined at each temperature
and scan rate, to determine the charge density at which the divisions occurred. Charge density
was calculated from the current density and time measurements recorded during PDS
experiments. Charge density is a normalized way of examining the extent of polarization, as it
eliminates the effect of scan rate. Polarization data sets that did not exhibit all of the regions
were neglected in this analysis. For example, the data in LiCl/KCl taken at 650°C shown in Figure
4.5, 0.1mV/s scan rate data taken at 550°C, shown in Figure 4.3 and 1.0mV/s scan rate data
taken at 600°C shownn in Figure 4.4, were all excluded because they did not clearly exhibit the
regions.
Figure 4.29 shows the charge density at the end of the first data region averaged over
the scan rates, which exhibited the region clearly. A function for the charge density at this
division point with temperature was determined using Microsoft Excel’s trend line feature. The
error bars represent one standard deviation of the average over scan rate.

Figure 4.29: Average Charge Density Passed at the End of the First Polarization Data Region.
The division points for the second region are shown in Figure 4.30, averaged over scan
rate. No data is shown for 550°C, as none of these polarization curves clearly exhibited a second
region. The division points for the end of the third region of the observed anodic polarization
curves are shown in Figure 4.31. In both cases the R2 values are lower than 0.95 however, the
lines still fall within the standard deviations for the averages.
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Figure 4.30: Average Charge Density Passed at the End of the Second Polarization Data Region

Figure 4.31: Average Charge Density Passed at the End of the Third Polarization Data Region
The three functions relating charge density passed at the end of each data region to
temperature constitute a model for the division of uranium polarization behavior. When
implemented in the electrorefiner model, the functions will be used to determine which
polarization behavior is appropriate in each iteration, dependent on the charge density at the
anode.
9
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Using the functions developed for charge density as a function of temperature at the
three division points, concentrations were calculated at the division points for each
temperature, assuming all charge passed produced dissolved ions faradically. That is, the
number of moles produced from a coulomb of charge is determined by Faraday’s number F and
the stoichiometric number of electrons to dissolve one atom of uranium, n. Assuming the
diffusion layer, δ, to be 0.002cm thick, as used in the electrorefiner model, the charge density,
Cd, can then be converted into a concentration, C, in the diffusion layer at each data region
division point according to Equation 4.1. These concentrations are shown in Table 4.2.
Table 4.2: Calculated Charge Density and Concentrations at Data Region Divisions
Temperature Cd(1)
Conc. (1) Cd(2)
Conc. (2) Cd(3)
Conc.(3)
°C
C/cm2
mol/cm3 C/cm2
mol/cm3 C/cm2
mol/cm3
450
11.2 1.92E-02
93.4
0.161
285
0.490
500
2.25 3.90E-03
121
0.208
222
0.380
550
0.450 7.70E-04
156
0.270
173
0.298
600
0.0920 1.60E-04
201
0.350
134
0.230

The next step in the polarization model development was to choose a model to simulate
each data region over each temperature. Two models from basic electrochemistry and corrosion
theory were selected, Butler-Volmer (Equation 2.9) and Mixed Polarization (Equation 2.18). Both
models were fitted to each section of the curve in Curve Expert software to determine the best
model for each section.
It is important to note that because the behavior being fitted by the models is affected
by many factors including surface area loss or gain, and anodic material formation, the
parameters in the models do not directly represent the quantities used in an ideal case. For
example in the Mixed Polarization model originally shown in Equation 2.18 and rearranged as
shown in Equation 4.2, parameter A should be the exchange current density but due to the need
to simulate several behaviors at once, it is simply called A, and will include the exchange current
density among other factors. This same approach was used for B, which is a function of limiting
current density and C, a function of the transfer coefficient. Therefore, the models will be
referred to as modified versions.
7 = b
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Figure 4.32 shows the two models as fitted to the first region of the polarization curve
observed at 450°C and 0.1mV/s. The modified mixed polarization (MMP) model fits the data in
the curved section near the end of the region quite well while the modified Butler-Volmer
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(MBV) model does not. This result is also the case in the second region shown in Figure 4.33. In
the third region, a simple horizontal linear model was selected to represent passivation. The
current density at the end of the second region is maintained until the onset of the fourth
region thereby imitating passive behavior where no increase in current density is produced by
increasing overpotential.

Figure 4.32: First Division of Polarization Data Taken at 450°C and 0.1mV/s, Fitted with Two
Models for Comparison.
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Figure 4.33: Second Division of Polarization Data Taken at 450°C and 0.1mV/s, Fitted with Two
Models for Comparison.
For the last region, the fourth region where a return to rising current density with
increasing overpotential is observed, the models compared to the data are shown in Figure 4.34.
Here the MBV model does perform marginally better than the MMP model, which does not fit
the data well at the highest overpotentials. For simplicity because the MMP model fit the first
two regions significantly better than the MBV model, it was decided to use the MMP model for
all three non-linear regions. While the Butler-Volmer model may in fact represent the data
better in the last region, the empirical model developed here was aimed at a simple
mathematical scheme. Future work may improve upon this model by choosing a different model
construct for the final data region than that used for the first two regions.
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Figure 4.34: Fourth Division of Polarization Data Taken at 450°C and 0.1mV/s, Fitted with Two
Models for Comparison.
The final stage in developing an empirical model for the polarization curves observed in
the LiCl/KCl electrochemical tests was to develop functions that could predict the optimal
parameter values for the MMP model in each data region to which it was applied. The MMP
model presented in Equation 4.2, contains three parameters, A,B and C. The optimum value for
each parameter at each temperature and scan rate in each data region was obtained from
detailed fitting of the experimentally derived data with Origin software. An R2 of greater than
0.95 was obtained for each fit of the MMP model to the data sets. The values for A,B and C were
then averaged over the lower two scan rates, which can be considered more accurate as they
more closely represent equilibrium than the 1.0 mV/s scan rate. Figure 4.35 shows these
average values for parameter A in all three applicable regions. Also shown are the functions
obtained from Microsoft Excel’s Trendline feature for the average values.
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Figure 4.35: Average Parameter A for the MMP Model as a Function of Temperature.
Parameter A increases in regions at increasing overpotential. The standard deviation
and irregularity in the parameter values also increase in regions at increasing overpotential.
Region 2 shows a high R2 for the line fit to the average values for parameter A, but with higher
standard deviation than in Region 1. Region 4 shows wide variation in Parameter A and the line
obtained achieves a poor R2 value. This behavior is expected as much of the polarization data for
region four showed significant noise, for example data taken with a scan rate of 0.166mV/s at
temperatures of 500 and 550°C seen in Figures 4.2 and 4.3, respectively.
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Figure 4.36: Average Parameter B for the MMP Model as a Function of Temperature.
Parameter B averaged over the lower two scan rates for each temperature is shown in
Figure 4.36. Region four is not shown in Figure 4.36, since parameter optimization for each data
set produced a B parameter of zero in all cases in region four. In a reverse pattern to what was
seen in Parameter A, parameter B decreases in regions at increasing overpotential, and variation
in the data and the standard deviation of the data also decrease in regions at increasing
overpotential.

Figure 4.37: Average Parameter C for the MMP Model as a Function of Temperature.
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The final parameter to be determined, Parameter C, was bounded between 0 and 1
since it is a function of the transfer coefficient. The values tend to decrease in regions at
increasing overpotential, while the variation in the data and the standard deviation associated
with the data tend to increase in regions at increasing overpotential, as shown in Figure 4.37. It
is also interesting to note that the lines fit to Regions one and four have the same slope with
different intercepts, while region two’s slope is opposite in sign.
Figure 4.38, shows the polarization model in black applied at temperatures below 650°C
compared to polarization curves obtained at those temperatures in LiCl/KCl. The model fits the
lower two scan rates better than the 1.0 mV/s scan rate since parameters A, B, and C were
developed from the lower two scan rates. In the 450°C and 500°C models, the data is fit fairly
well with each region clearly identifiable and representative of the shape of the experimental
data. In the 550°C model, lower left image, the lower two scan rates data were vastly different
therefore, the model falls in the middle of the two behaviors. In the 600°C data the model
follows the lowest scan rate data very well. It was not expected to fit the 600°C 1.0mV/s scan
rate data well, as this data was excluded from the analysis because it did not clearly exhibit each
of the data regions.

91

Figure 4.38: Polarization Models Compared to Experimentally Obtained Polarization Curves.
For data at 650°C, none of the four regions were present in the observed polarization
curves at any scan rate and therefore it is assumed the uranium undergoes different kinetics. As
the shape of the polarization response at 650°C is a straight line, a linear model was used to
model the polarization of uranium at such temperatures, as shown in Figure 4.39.
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Figure 4.39: Simple Linear Model Compared to 650°C Data
The slope of the line was found to be 15 A/Vcm2, while the intercept was 0.0228 A/cm2.
This model consisting of three equations for region divisions, three equations for each of the
three parameters in the MMP model for region 1,2 and 4, a linear model in region three and at
high temperature, using empirically determined slope and intercept, was implemented in the
MatLab code developed for electrorefining.
4.2.2 Electrorefiner Model Evaluation
Simulations using the electrorefiner model constructed in MatLab, containing the
polarization model outlined in section 4.2.1, were completed for the electrorefining tests
described in section 4.1.4. In the first test U-Mo foils were electrorefined at 500°C, the
temperature typical for electrorefining. Two intervals were used in the operation of the
electrorefiner, the first at 0.3 A and the second at 0.5 A. This case can be seen in Figure 4.40.
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Figure 4.40: Comparison Between Models at Two Temperatures and U-Mo Foil Lab-Scale
Electrorefining Cell Current Data
At 500°C, the model does a very good job matching the step down performance of the
electrorefiner caused by reaching a user supplied voltage limit. A second simulation of the same
data, using the anode loading, and surface area, operating at the 0.5 A level, was run at the
temperature above which no film formation was seen to occur, 650°C, in the polarization
experiments to determine how the electrorefining might have proceeded in the film’s absence.
It is shown in Figure 4.40 in red. The step down due to voltage limits being reached was not
observed, since a lower voltage was required by the uranium polarization to achieve the same
current level.

Figure 4.41: Comparison Between Model and U-Mo Foil Lab-Scale Electrorefining Cell Current
Data Taken at 600°C
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The second laboratory-scale test examined was the electrorefining of U-Mo foil at
600°C. The data and simulation are presented in Figure 4.41. The data show significant noise in
the current achieved, possibly due to the small amount of material electrorefined and drastic
changes in surface area as the material was rapidly depleted. The data was taken in four
intervals of varying length and starting current, while the simulation was operated continuously
at an average starting current.
The mass balance data for the electrorefining tests are shown in Table 4.3. The mass of
the collected material from the 500°C test was quite low due to difficulties extracting the
remaining material from the anode basket and the incidental contact of the cathode with the
cell, which caused the deposit to form elsewhere than on the cathode where it could not be
collected. In the 600°C test, the deposit was accidentally knocked off the cathode at
temperature and it fell into an inaccessible portion of the cell. Mass of that deposit was
therefore not measured. However the material remaining in the anode was able to be retrieved
and shows a 96.3% agreement with the simulation.
Table 4.3: Laboratory-Scale Electrorefining Test Mass Balance Data
Anode Uranium Loss
Uranium Deposit
Temp. Uranium Loading Charge Passed Data
Model % agreement Data
Model % agreement
°C
Moles
Coulombs
moles moles
moles moles
U-Mo Foils
500
0.01191
3800 0.00453 0.00056
12.5 7.06E-05 0.0041
1.7
U-Mo Foils
600
0.004491
400 0.00142 0.00147
96.3
~
0.0005
~
U-Mo Foils*
651
0.01191
3800
~
0.0106
~
~
0.0058
~

Fuel Type

The simulation at 650°C shows nearly twice the deposit predicted at 500°C. This result is
expected as higher currents were achieved in the simulation, which would lead to higher rates
of anode dissolution. The deposit prediction does not increase two-fold, likely because the
cathodic partial currents achievable at the higher temperature are not as altered as the anodic
partial currents, which no longer experience a passivating anodic film.
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CHAPTER 5: DISCUSSION

5.1 Potentiodynamic Response of Uranium
The response of uranium to both anodic and cathodic polarization in two electrolytes,
LiCl/KCl eutectic and LiCl, has been examined. The potentiostat used to apply potential to the
cell measures the current response with an uncertainty of ±0.1% of the reading, so the
confidence in the polarization curves obtained is high. Cyclic voltammetry confirmed that only
the U/U3+ couple was contributing to the polarization behavior of the electrode. Two housings
for the Ag/AgCl reference electrode traditionally used in molten salt systems were used in the
potentiodynamic tests, a round bottom mullite tube and a Pyrex glass housing, with no
measurable difference in performance observed. All of the overpotential data were normalized
against any shift in the reference potential as well.
5.1.1 Anodic Polarization
The anodic polarization of a uranium anode in LiCl/KCl produced a response with a
complex structure dependent on both overpotential and temperature. This complex behavior
was not previously expected with uranium, which was assumed by many to behave according to
the classic Butler-Volmer equation where current density rises smoothly with overpotential
eventually slowing to a low constant rate of change dependent on the concentration limits in
the bulk salt [33, 34, 35, and 37]. The results obtained in this work show this not to be the case.
The main features of the complex anodic polarization in LiCl/KCl are best observed at
450°C in Figure 4.1, though they appear, to varying degrees, at all temperatures below 650°C.
The main features consist of an initial sharp reduction in current density near 50 mV of
overpotential followed by rising current density until a plateau in current density with rising
overpotential, termed passivation, in the 100-250mV overpotential range. At some larger
overpotential, above 250 mV, the current density begins to rise again with overpotential.
The anodic polarization behavior observed in LiCl/KCl may be explained by considering
the kinetics at the electrode surface. In the vicinity of the surface, according to diffusion theory,
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there exists a diffusion layer into which dissolved U3+ ions enter and through which they pass
before transporting across the bulk salt and depositing at the cathode. If the rate of dissolution
into this layer exceeds the rate of diffusion out of this layer, the U3+ concentration will increase
significantly in the layer so that Cl- migration to the diffusion layer will be important. This
concentration effect in the vicinity of the anode surface was suggested by Nakayoshi et al. in
their work developing phase diagrams for the LiCl-KCl-UCl3 system [55]. It is proposed that the
concentration of U3+ ions in the diffusion layer exceeds a solubility limit near 50 mV, and the U3+
ions form a K2UCl5 precipitate at the electrode-electrolyte interface, as shown in Figure 2.2.
According to phase diagrams, this behavior is expected at concentrations at or above
approximately 6 mol% UCl3 for the lowest temperature examined 450°C [55, 56]. As the
precipitate forms, surface area available for dissolution is reduced and the current density
therefore experiences a sharp decline at the onset of precipitation.
The current density after this sharp decline rises again until a plateau or passive region
occurs in the 100 to 250 mV overpotential region. As the surface area available for dissolution is
reduced by the precipitation of K2UCl5, the rate of dissolution rises with overpotential until
equilibrium is achieved where the rate of dissolution and rate of precipitation are balanced,
represented by the plateau in current density with increasing overpotential. An alternate
explanation for this phenomenon is that a majority of the surface becomes blocked, and the
limiting step in the dissolution process becomes diffusion of U3+ ions through pores and cracks in
the layer, which is independent of overpotential.
At very high overpotentials, the current density begins to rise again with increasing
overpotential. This behavior could be the result of two different mechanisms. The first
mechanism is that at such high overpotentials the layer of K2UCl5 begins to dissolve, making
more surface area available for uranium dissolution. The second plausible mechanism is that as
the solid layer builds up, it develops internal stress that causes it to crack and thereby create
more available uranium surface area for dissolution.
The discussed features of the anodic polarization of uranium in LiCl/KCl were most
evident at low temperature, 450 and 500°C, in the typical range used for electrorefining. As
temperature was increased above 500°C the passive region appeared over a shorter range of
overpotentials. At 650°C all of the non-ideal kinetic features were absent.

97
The phase diagram for the ternary system, LiCl-KCl-UCl3, shows that above 626°C there
is no solid phase in the system [55, 56]. It also shows that below 626°C, as temperature rises, a
higher concentration of UCl3 or U3+ ions is needed to produce a solid phase. The rise in the UCl3
concentration required to precipitate a solid phase with rising temperatures, below 626°C, is
logical, as solubility increases with temperature and explains why the passivation in the
polarization curves occurs at larger overpotentials as temperature rises.
Hysteresis in the anodic polarization of uranium in LiCl/KCl was also observed, as shown
in Figure 4.6. Hysteresis is an indication of a surface controlled phenomenon occurring. This
observed hysteresis corroborates the idea that the formation of the precipitate K2UCl5 could be
the cause of the complex polarization behavior seen with uranium.
Anodic polarization in LiCl showed different behavior than what was seen in LiCl/KCl
eutectic. In the LiCl tests, two different behaviors were observed depending on the data
collection procedures used. In one case the system was allowed only a short time at open circuit
between tests while in the other case, the system was allowed a long time at open circuit
reaching equilibrium between each test. These behaviors can be seen in Figure 4.11 and 4.12. If
short rests at open circuit were applied, the current density became suppressed at
approximately 150 mV. While after long rests at open circuit, the behavior resembles that of the
LiCl/KCl system at 650°C, which shows no current density suppression. Allowing the system to
rest, allows the increased concentration of dissolved species in the diffusion layer to disperse.
This result suggests that uranium polarized in LiCl could experience a similar concentration issue
at the electrode surface to that seen in the ternary system at low temperature given enough
time under polarization. Examination of the phase diagram for the binary system supports this
idea, showing that at the tested temperature of 650°C a concentration of 40 mol% UCl3 is
required to produce a solid UCl3 phase [56].
It is therefore concluded that to avoid the complex polarization structure observed for
uranium in the ternary system at low temperature, polarizing uranium at 650°C in the LiCl/KCl
eutectic salt is recommended. Using LiCl as an electrolyte, rather than the eutectic provides only
limited benefits, as the system could eventually produce a precipitate and must be operated at
650°C due to the melting temperature of LiCl. If it is required to operate the electrorefiner at
650°C, it is preferable to use the eutectic salt as no solid phases form at that temperature.
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5.1.2 Cathodic Polarization
The occasional abrasion of the uranium electrode prior to cathodic polarization altered
the response during the first approximately 150 mV of cathodic overpotential such that it
deviated from classic Tafel behavior. This alteration in the response is caused by the decrease in
surface area produced by the polishing of the uranium rod with a steel file. As polarization takes
place, uranium dendrites are deposited onto the smoothed electrode surface produced by
abrasion, rapidly increasing the surface area. After approximately 150 mV, the surface is
returned to a dendritic form which matches the surfaces produced in the tests without abrasion
and therefore the response resumes the expected Tafel behavior.
5.2 Residual Anodic Material Investigation
The residual anode material seen in electrorefining experiments with uranium and its
alloys [10, 11, 12, 14], has been produced on pure uranium, sampled, and analyzed. The XRD
data of the room temperature powder samples suggest the material removed from the uranium
anode is a combination of the ternary salt, LiCl-KCl-UCl3 and a complex phase K2UCl5. This
observation supports the explanation for the polarization behavior presented in section 5.1. The
ICP-MS analysis of the two powder samples collected from uranium electrodes, which were
analyzed by XRD, are only 0.24 and 2.77 mol% UCl3. The UCl3 concentrations in the powder
samples are low compared to the approximately 6 mol% needed to produce a K2UCl5
precipitate. This disparity could be caused by the collection method for the powder samples.
The samples were removed from the electrode by abrading it with a steel file. This method will
collect not only the diffusion layer but much of the surrounding salt as well. It is possible that
regions of the anode surface or the thin diffusion layer are more concentrated in UCl3 than the
analysis of the powder samples suggest.
SEM images of the uranium anode that was found to be hollow after anodic
potentiodynamic testing in LiCl/KCl at 500°C, showed non-uniform corrosion, which might have
occurred if local regions of the anode surface became blocked by a precipitate. In the lower right
image in Figure 4.25 (vi), a crack in the uranium is observed, and at the surface of the electrode
where the crack has access to the salt, a buildup of some material is seen. It is possible that the
precipitate first forms at such sites as the U3+ ions form in the crack and have limited ability to
diffuse away. Elemental analysis along the surface of the electrode at discrete points, including
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such sites, shows UCl3 concentrations of 1.6 to 28.6 mol% therefore, there exist areas of the
electrode surface that have UCl3 concentrations well over the 6 mol% to form solid K2UCl5.
However, one major source of error in the elemental analysis of discrete points in the
images is the high potential required to perform electron scattering on these materials. At room
temperature, the salts are not very conductive and a 30 kV potential was needed to observe the
surface through electron scattering. Therefore, the elemental analysis of discrete points may
include larger volumes than intended due to the required large potential.
It can be concluded from the analysis of samples, and examination of the polarization
curves in comparison to existing phase diagrams, that the anode residue material is a precipitate
K2UCl5, which blocks the surface during electrorefining. It is likely that this material forms in the
thin diffusion layer adjacent to the electrode surface, as pictured in Figure 2.2 or in cracks and
crevices in the electrode surface.
5.3 Tafel Parameters
In order to use corrosion theory to model uranium electrorefining, Tafel constant and
exchange current density data were required for the U/U3+ oxidation reduction couple. PDS data
were obtained in the pre-Tafel region in both electrolytes to prevent the formation of the
anodic material during the tests from influencing the results. The data collected using
electropolishing steps in the pre-Tafel region of overpotential showed excellent repeatability,
except in the case of one scan at 500°C in LiCl/KCl and the positive direction scans in LiCl at
0.166 and 1.0 mV/s. For data other than these exceptions, the lack of hysteresis between
positive and negative scan directions indicates that the surface of the electrode experienced no
significant change in area or composition during the testing.
Analysis for Tafel parameters was performed on only the LiCl/KCl data, as the LiCl data
showed hysteresis in the 1.0 and 0.166 mV/s scan rate data. The polarization resistance values
calculated from the LiCl/KCl data showed an exponential dependence on temperature, which
decreased with temperature. This dependence of polarization resistance on temperature is
logical because as temperature rises, the ability to polarize the electrode becomes easier since
the ions are freer to move about in the salt due to its decreased viscosity and increased
conductivity.
The Wagner numbers calculated for the cell at each temperature for each data set were
all greater than one indicating that the behavior was not significantly affected by ohmic drop in
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the cell. The Wagner numbers were not however over 100 therefore, the ohmic drop in the cell
may lead to a small degree of error, overestimating polarization resistance, and therefore
underestimating exchange current density [50]. As the solution resistance in molten LiCl/KCl is
low [83], it is not expected to be a large source of error. Wagner numbers were also calculated
from the LiCl data, despite the hysteresis observed, and the results gave Wagner numbers less
than one indicating that solution resistance was a significant source of error in the data
collected in LiCl. This result confirmed the decision not to analyze that data for Tafel
parameters.
According to Tafel theory, Tafel constants should increase linearly with temperature
according to Equation 3.2. This dependence is exactly the opposite behavior of that seen in the
Tafel constants calculated in this work for the U/U3+ couple. However, the Tafel constant is also
inversely proportional to transfer coefficient. Therefore, the transfer coefficients were
calculated from the Tafel constant data.
The transfer coefficients showed a strong linear increase with temperature from
approximately 0.11 at 450°C towards approximately 0.18 at 650°C. A transfer coefficient that
deviates from 0.5 is indicative of an asymmetry in the reaction energy barrier [36]. If transfer
coefficient is less than 0.5 for an oxidation/reduction couple, the oxidation requires more
energy than the reduction process. The rising transfer coefficient with increase in temperature
indicates the energy barrier associated with the dissolution and deposition reactions becomes
more symmetric and therefore, closer to a reversible reaction.
The exchange current density values showed an exponential dependence on inverse
temperature. Excluding the data at 500°C due to its increased level of uncertainty had minimal
effect on the calculated dependence of exchange current density on temperature. This
dependence further supports the supposition that increasing temperature decreases the
dissolution reaction energy barrier as higher rates of dissolution can be achieved at higher
temperatures.
A major source of error in calculating Tafel parameters is the use of a geometric surface
area in determining current density from measured current. The electrode was visibly smooth
prior to testing but can be assumed to have had microscopic groves and ridges produced by the
manual polishing process used to smooth it. These grooves and ridges would extend the surface
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in an immeasurable way. Thus using a geometric surface area may cause the calculated values of
exchange current density to be slightly lower than those reported.
In comparing to the limited data available in the literature, Gosh et al. report a Tafel
constant of 98.5 ±4 mV and an exchange current density of 8 ±2 mA/cm2 for a temperature of
500°C [11]. The Tafel constant reported by Gosh is higher than that reported in this work, which
for the anodic reaction at 500°C was 86.6 ±2.8 mV though it is in the same order of magnitude.
The exchange current density reported by Gosh et al. however, is not in the same order of
magnitude as that reported in this work at 500°C, 96.6 ±3.0 mA/cm2. The value determined in
this work is more than ten times that reported by Gosh, and as the sources of error discussed
can only be expected to under predict exchange current density, the data analysis method used
by Gosh was examined.
Gosh used data obtained in the Tafel region of overpotential, which in this work showed
non-linear behavior at slow scan rates. Gosh reports a polarization method of stepping the
potential by 10 mV every 30s and measuring the response at the end of each time interval for
collection of this data [11]. Additionally, Gosh collected only anodic data and extrapolated back
using the Tafel extrapolation method to determine exchange current density. McCafferty in
reviewing the Tafel extrapolation method pointed out that if only one branch of data was to be
used, the cathodic branch was preferable as it experiences less interference from surface area
change, concentration effects and composition changes [43]. It is unsurprising therefore, given
the differences in experimental and data analysis methods that such differing exchange current
density values were obtained between this work and Gosh et al.
5.4 Modeling Polarization
To obtain a more detailed understanding of the polarization behavior of uranium, the
observed potentiodynamic response curves of uranium in LiCl/KCl were analyzed to develop an
empirical model for their simulation. The curves were much more complex than first expected
and therefore in order to model them, they were separated into sections that appeared to have
similar behavior.
5.4.1 Dividing the Polarization Curve Into Behavioral Regions
The method chosen exploited the four main features of the data, as explained in section
4.2.1, two regions of rising current density with rising overpotential terminating in a reduction in
current density, the plateau or passive region and a final region with return to rising current
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density. The first two regions have a long linear portion followed by a parabolic shape near the
end of the region, as was seen in Figure 4.36 and 4.37. It may have been more physically
meaningful to divide the data at every local extrema as extrema generally indicate a change in
behavior but this would have resulted in six or more regions each with different mathematical
models. This approach does not lend itself to a computationally non-intensive model. In the
future work should be done to produce a more physically meaningful model for all of the
possible regions to aid in understanding the specific phenomena occurring in each.
Of the three division points, the first was most consistent between scan rates. The
function for this first division point, shown in Figure 4.33, achieved an R2 of 0.9758. Data taken
at 600°C was excluded in the calculation of the first division point as the first reduction observed
in that data took place at greater than 50 mV so it was assigned to the second division point,
and the 600°C data were assumed to not have a first division in the model. This approach may
not be physically meaningful, but resulted in a better model fit.
Based on the explanation for the polarization curves shape presented in section 5.1, the
location of the first division may represent the critical concentration of U3+ ions at which
precipitation first occurs. Assuming stoichiometric faradic dissolution into a diffusion layer
0.002cm thick at 450°C, a concentration of only 0.0192 mol/cm3 is required for the first behavior
to transition to the second. The fact that this required concentration then declines with
temperature implies that at higher temperature the diffusion layer may in fact be smaller and
therefore a smaller amount of dissolved uranium creates the same concentration. The
reduction in diffusion layer thickness with increased temperature is expected for unstirred
electrolytes, as increasing temperature causes increased natural convection decreasing the
diffusion layer thickness [86].
The second division point had much more variation in the data and resulted in a lower
R2 at 0.8692. At the second division, between rising current density and passive behavior, at
450°C a concentration of 0.161mol/cm3 is required to produce passive behavior. The function
for the third division point adequately fit the data having an R2 of 0.801. The buildup of film
necessary to crack the precipitate layer at 450°C is estimated to occur at a concentration of 0.49
mol/cm3 in the diffusion layer. This estimated concentration decreases to 0.23 mol/cm3 at
600°C. This reduction in the estimated concentration required to develop a buildup of film,
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which may crack due to internal stress at higher temperature, may be caused by the addition of
thermal stress to the internal layer stress.
With the three division points identified and functions for their variation with
temperature written, a model was selected for each of the four data regions. Any model chosen
for the selected regions must simulate a variety of behaviors, as the regions chosen contain a
variety of behaviors.
5.4.2 Modeling the Behavioral Regions
Because of the complexity of simulating these varieties of behaviors, an empirical model
was developed based on a corrosion theory mixed polarization model and was termed the
modified mixed polarization (MMP) model for regions not experiencing passivation. This model
was compared to a modified Butler-Volmer model (MBV). The MMP model outperformed the
MBV model in the first two regions of data to a sginficant degree. This result demonstrates that
corrosion theory modeling may be superior to electrochemical modeling of polarization during
electrorefining. The third region, which exhibits passive behavior, was modeled with a simple
constant current density. In the MMP model there are three parameters, A, B and C. The
parameters were fitted to each data set in regions one, two and four, and functions for their
variation with temperature were also developed to complete the model necessary for
simulation of uranium polarization. At 650°C, as noted in the examination of polarization curves
at that temperature, the behavior drastically differs from what was seen at lower temperatures.
Therefore, a simplified linear model, found from fitting a linear trend line to the data in
Microsoft Excel, was used for simulating polarization above 600°C.
The ability of the model described here to predict the polarization behavior of uranium
in LiCl/KCl is evaluated in Figure 4.42. The model is clearly more accurate at lower temperatures
and scan rates. It is clear there is room for improvement in the model described, particularly at
550°C. Deriving a physically meaningful model from first principles would not only improve
simulation but lead to a very detailed understanding of the exact chemical phenomena causing
each behavioral region of the data. The model presented here begins to develop this
understanding. The work of Griffin [70] or Flitt and Schweinsberg [73] would be an excellent
place to begin modeling the polarization effects seen on uranium in LiCl/KCl in a physically
meaningful way, as they describe systems that exhibit passive films.
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5.5 Electrorefiner Model
The polarization model described in the previous section was applied for uranium in the
electrorefiner model constructed in MatLab and described in section 3.2.2. The electrorefiner
model was then used to simulate the two laboratory-scale cases and an ideal case.The
electrorefining of U-Mo foils at 500°C were simulated and the operating current was reasonably
calculated. The mass balance data collected for that test however were suspect as material was
likely lost during the retrieval from the vessel. Anode loss for the test at 600°C however showed
excellent agreement at 96.3%. The simulation of an ideal case at 650°C, above the temperatures
at which any effects from the residual anodic material can be observed, showed twice as much
anode loss as the case at 500°C.
It is therefore the recommendation of this work to operate electrorefiner’s at 650°C
using LiCl/KCl eutectic as the electrolyte. By operating in this way, the development of residual
anodic film material can be avoided and likewise its current reducing effects can be avoided.
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CHAPTER 6: CONCLUSIONS

The polarization of uranium anodes has been examined at temperatures between 450
and 650°C. The behavior was found to be more complex than had been assumed by many and is
produced by a concentration effect in the diffusion layer adjacent to the uranium anode. The
concentration of U3+ ions in the vicinity of the anode exceeds a solubility limitand through
complexation with K+ forms a solid K2UCl5 precipitate layer at the electrode-electrolyte interface.
The chemical composition of the precipitate has been confirmed by XRD analysis of electrode
film samples at room temperature. This precipitate blocks the surface of the electrode and
diminishes the achievable current during electrorefining. There is evidence that suggests this
process happens non-uniformly, initiating in cracks and crevices on the anode surface. At some
overpotential above 100 mV steady-state is achieved where the rate of surface coverage
increase is balanced by the increasing polarization and a passive region is observed in the
uranium polarization response. At some larger overpotential, this behavior is disturbed and
active polarization behavior resumes.
The polarization behavior observed in this work is temperature dependent. The
observed complicating features of the uranium polarization response disappear at 650°C, as
expected above 626°C where, according to phase diagrams, the ternary system LiCl-KCl-UCl3 has
no solid phases except at the pure components. Thus, the polarization returns to simple Tafel
behavior as was assumed by others to be applicable at every temperature prior to this work.
The absence of complicating features at high temperature supports the explanation provided for
the low temperature behavior. The identification of the features of uranium polarization, its
temperature dependence and the composition of the observed anode film constitute major
advances in the understanding of uranium electrochemistry.
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Tafel parameters were determined from pre-Tafel overpotential region data for
uranium, also contributing significantly to the body of knowledge available in uranium
electrochemistry. Tafel constants were shown to vary inversely with temperature due to a direct
dependence of transfer coefficient on temperature. The Tafel constant for the anodic
dissolution of uranium at 500°C, the usual temperature for uranium electrorefining, was found
to be 86.6 ±2.8 mV. The exchange current density for the U/U3+ couple at 500°C was found to be
96.6 ±3.0 mV. Exchange current density was found to vary exponentially with inverse
temperature as expected. An activation energy of 34.4 kJ/mol was calculated from the
exponential dependence on inverse temperature. These values were obtained via the OldhamMansfeld method, which uses pre-Tafel data in the calculation of the parameters. Use of this
method for other species that have complicating behaviors in the Tafel region, particularly for
other actinides, which may have the same precipitation issue, will be highly valuable to the
study of electrochemical actinide separations.
The effect the precipitate has on the current density at uranium anodes at temperatures
below 650°C was quantified in an empirical model. The complex polarization observed for
uranium was divided into four regions, which were each modeled separately. The models for the
first two and the fourth regions, which exhibited active polarization, were built using established
corrosion theory constructs that were modified to account for the behavior of the film. The third
region, the passive region, was modeled with constant current density. The entire polarization
model for uranium was implemented in an electrorefining model constructed in MatLab. The
electrorefiner model was then used to simulate laboratory-scale electrorefining data. The
results showed the empirical polarization model to be a good first approximation of the complex
polarization behavior.
Breakdown of the observed film at high overpotential and low temperatures is one area
of the polarization curve study, could be explored further. Identification of the mechanism by
which breakdown occurs could be studied with a careful experiment examining the morphology
of the film at overpotentials in the range of 150 – 300 mV. This study would shed additional light
on the physical phenomena causing the polarization behavior. In quantifying the polarization
behavior, a physically meaningful model is needed to improve the model’s robustness and to
give insight into the kinetics occurring at the electrode surface. Such a model might stem from
the passivation models previously developed for aqueous electrolytes, or it may stem from
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examination of corrosion at a molecular scale using first principles. Measurement of kinetic
parameters at high temperatures and their comparison to those obtained in this work using the
Oldham-Mansfeld method at low temperatures and low overpotentials may verify the kinetic
paprameters obtained in this work.
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Appendix A: MatLab Model User Guide

The electrorefining model has a guided user interface built in MatLab’s GUIDE system
(Guided User Interface Development Environment). The blank user interface is pictured in Figure
A.1. It has three panels of user inputs across the top half named, Electrorefiner Dimensions,
Composition, and Operations. The first two panels allow the user to input the size of the
electrorefiner, the amount and composition of the salt, and the amount, composition and
surface area of the fuel. The fuel surface area is input as a surface area per kilogram of fuel
which the user would need to either calculate or estimate knowing the shape and size of the
fuel. It is important that the user estimate only surface area available for refining. For example,
in the case of U-10Mo foil fuel clad in zirconium, only the exposed uranium surface area would
be available for anodic dissolution. It has been shown to be beneficial to chop such a fuel as
small as possible, exposing a larger amount of surface area of the inner alloy per kilogram [19].
The model’s target fuel is U-10Mo fuel clad in zirconium, therefore the model accommodates
four species in the fuel, uranium, molybdenum, zirconium and iron and an electrolyte, eutectic
LiCl-KCl seeded with the chlorides of the fuel species. It would be straightforward to expand the
model and its interface to include other fuel constituents including sodium bond, and fission
products, if all of the property data for the species were available.

115

Figure A.1: Blank Model User Interface
The third panel of inputs on the user interface allows the user to input an operation
scheme for the model. There are two modes of operation, current controlled or voltage
controlled. In an engineering scale electrorefiner the use of a reference electrode is rare and
because of this the model does not account for one, instead calculating current and voltage
between anode and cathode with respect to an arbitrary reference point of the standard
potential of the U/U3+ reaction. The voltage indicated on the user interface is, therefore, cell
voltage.
There are two modes for ending the simulation available. The model can cease
operation after a certain amount of charge has passed or after a certain amount of time. The
model also allows the user to set the initial current or cell voltage, a cut off voltage or current
and a step size. If the cutoff value is reached, the cell voltage or current being controlled, will be
stepped down by the user input step-size. In this way the model simulates how an engineering
scale electrorefiner is operated. A large centrally located “Calculate” button allows the user to
initiate the simulation.
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Six plots are shown in the bottom half of the interface on which will be plotted; the
anodic, cathodic and cell potentials, cell current, concentration profiles of each species present,
anodic material loss, anodic and cathodic surface area and cathodic material deposit. The data
shown in these plots will be output to the excel file name input by the user for the user to
manipulate.

117
Appendix B: MatLab Code

function varargout = GUItrial2(varargin)
% GUITRIAL2 MATLAB code for GUItrial2.fig
%
GUITRIAL2, by itself, creates a new GUITRIAL2 or raises
the existing
%
singleton*.
%
H = GUITRIAL2 returns the handle to a new GUITRIAL2 or the
handle to
%
the existing singleton*.
%
GUITRIAL2('CALLBACK',hObject,eventData,handles,...) calls
the local
%
function named CALLBACK in GUITRIAL2.M with the given
input arguments.
%
GUITRIAL2('Property','Value',...) creates a new GUITRIAL2
or raises the
%
existing singleton*. Starting from the left, property
value pairs are
%
applied to the GUI before GUItrial2_OpeningFcn gets
called. An
%
unrecognized property name or invalid value makes property
application
%
stop. All inputs are passed to GUItrial2_OpeningFcn via
varargin.
%
*See GUI Options on GUIDE's Tools menu. Choose "GUI
allows only one
%
instance to run (singleton)".
% See also: GUIDE, GUIDATA, GUIHANDLES
% Edit the above text to modify the response to help GUItrial2
% Last Modified by GUIDE v2.5 08-Jul-2011 15:28:53
% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;
gui_State = struct('gui_Name',
mfilename, ...
'gui_Singleton', gui_Singleton, ...
'gui_OpeningFcn', @GUItrial2_OpeningFcn, ...
'gui_OutputFcn', @GUItrial2_OutputFcn, ...
'gui_LayoutFcn', [] , ...
'gui_Callback',
[]);
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end
if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT
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function GUItrial2_OpeningFcn(hObject, eventdata, handles,
varargin)
% This function has no output args, see OutputFcn.
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% varargin
command line arguments to GUItrial2 (see VARARGIN)
% Choose default command line output for GUItrial2
handles.output = hObject;
set(handles.box_Cdiam,'string',0.002);
set(handles.box_Clength,'string',0.0254);
set(handles.box_Alength,'string',0.0254);
set(handles.box_AThick,'string',0.0127);
set(handles.box_Theight,'string',0.05);
set(handles.box_Tdiam,'string',0.075);
set(handles.box_Saltheight,'string',0.05);
set(handles.box_Rsys,'string',0.04);
set(handles.box_Awidth,'string',0.2177);
set(handles.box_ANum,'string',1);
set(handles.box_CNum,'string',1);
set(handles.box_wtpKi,'string',0);
set(handles.box_wtpUi,'string',90);
set(handles.box_wtpMoi,'string',10);
set(handles.box_wtpZri,'string',0);
set(handles.box_wtpFei,'string',0);
set(handles.box_wtpLii,'string',0);
set(handles.box_MassFuel,'string',0.00315);
set(handles.box_T,'string',773);
set(handles.box_L,'string',0.05175);
set(handles.wtpUCl3,'string',9);
set(handles.wtpKCl,'string',49.6);
set(handles.wtpLiCl,'string',41.4);
set(handles.wtpFeCl2,'string',0);
set(handles.wtpMoCl3,'string',0);
set(handles.wtpZrCl4,'string',0);
set(handles.box_initial,'string',50);
set(handles.box_limit,'string',0.75);
set(handles.box_step,'string',5);
set(handles.box_Stop,'string',1400);
set(handles.box_AfuelKg,'string',0.0458);
% Update handles structure
guidata(hObject, handles);
% UIWAIT makes GUItrial2 wait for user response (see UIRESUME)
% uiwait(handles.figure1);
% --- Outputs from this function are returned to the command
line.
function varargout = GUItrial2_OutputFcn(hObject, eventdata,
handles)
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% varargout cell array for returning output args (see
VARARGOUT);
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Get default command line output from handles structure
varargout{1} = handles.output;
function ControlModePanel_SelectionChangeFcn(hObject, eventdata,
handles)
%We must only allow one radio button to be selected at a time%
% We perfrom certain tasks when a radiobutton is pressed %
if (get(handles.button_current,'Value') ==
get(handles.button_current,'Max'))
set
(handles.button_voltage,'Value',(get(handles.button_voltage,'Min'
)));
elseif (get(handles.button_voltage,'Value') ==
get(handles.button_voltage,'Max'))
set
(handles.button_current,'Value',(get(handles.button_current,'Min'
)));
end
% --- Executes on button press in radiobutton3.
function button_current_Callback(hObject, eventdata, handles)
opmode1='current';
set(handles.button_current,'userdata',opmode1)
% --- Executes on button press in radiobutton4.
function button_voltage_Callback(hObject, eventdata, handles)
opmode2='voltage';
set(handles.button_voltage,'userdata',opmode2)
function StopModePanel_SelectionChangeFcn(hObject, eventdata,
handles)
%We must only allow one radio button to be selected at a time%
if (get(handles.button_charge,'Value') ==
get(handles.button_charge,'Max'))
set
(handles.button_time,'Value',(get(handles.button_time,'Min')));
elseif (get(handles.button_time,'Value') ==
get(handles.button_time,'Max'))
set
(handles.button_charge,'Value',(get(handles.button_charge,'Min'))
);
end
% --- Executes on button press in radiobutton3.
function button_charge_Callback(hObject, eventdata, handles)
StopMode1='Charge';
set(handles.button_charge,'userdata',StopMode1)
% --- Executes on button press in radiobutton4.
function button_time_Callback(hObject, eventdata, handles)
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StopMode2='Time';
set(handles.button_time,'userdata',StopMode2)
function box_initial_Callback(hObject, eventdata, handles)
% hObject
handle to box_initial (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_initial as
text
%
str2double(get(hObject,'String')) returns contents of
box_initial as a double
% --- Executes during object creation, after setting all
properties.
function box_initial_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_initial (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_step_Callback(hObject, eventdata, handles)
% hObject
handle to box_step (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_step as
text
%
str2double(get(hObject,'String')) returns contents of
box_step as a double
% --- Executes during object creation, after setting all
properties.
function box_step_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_step (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_limit_Callback(hObject, eventdata, handles)
% hObject
handle to box_limit (see GCBO)

121
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_limit as
text
%
str2double(get(hObject,'String')) returns contents of
box_limit as a double
% --- Executes during object creation, after setting all
properties.
function box_limit_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_limit (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Stop_Callback(hObject, eventdata, handles)
% hObject
handle to box_Stop (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Stop as
text
%
str2double(get(hObject,'String')) returns contents of
box_Stop as a double
% --- Executes during object creation, after setting all
properties.
function box_Stop_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Stop (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpUi_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpUi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
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% Hints: get(hObject,'String') returns contents of box_wtpUi as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpUi as a double
% --- Executes during object creation, after setting all
properties.
function box_wtpUi_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpUi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpMoi_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpMoi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_wtpMoi as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpMoi as a double
% --- Executes during object creation, after setting all
properties.
function box_wtpMoi_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpMoi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpZri_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpZri (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_wtpZri as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpZri as a double
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% --- Executes during object creation, after setting all
properties.
function box_wtpZri_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpZri (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpFei_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpFei (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_wtpFei as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpFei as a double
% --- Executes during object creation, after setting all
properties.
function box_wtpFei_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpFei (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpLii_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpLii (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_wtpLii as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpLii as a double
% --- Executes during object creation, after setting all
properties.
function box_wtpLii_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpLii (see GCBO)
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% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_MassFuel_Callback(hObject, eventdata, handles)
% hObject
handle to box_MassFuel (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_MassFuel
as text
%
str2double(get(hObject,'String')) returns contents of
box_MassFuel as a double
% --- Executes during object creation, after setting all
properties.
function box_MassFuel_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_MassFuel (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_wtpKi_Callback(hObject, eventdata, handles)
% hObject
handle to box_wtpKi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_wtpKi as
text
%
str2double(get(hObject,'String')) returns contents of
box_wtpKi as a double
% --- Executes during object creation, after setting all
properties.
function box_wtpKi_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_wtpKi (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
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% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function wtpUCl3_Callback(hObject, eventdata, handles)
% hObject
handle to wtpUCl3 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpUCl3 as
text
%
str2double(get(hObject,'String')) returns contents of
wtpUCl3 as a double
% --- Executes during object creation, after setting all
properties.
function wtpUCl3_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpUCl3 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function wtpMoCl3_Callback(hObject, eventdata, handles)
% hObject
handle to wtpMoCl3 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpMoCl3 as
text
%
str2double(get(hObject,'String')) returns contents of
wtpMoCl3 as a double
% --- Executes during object creation, after setting all
properties.
function wtpMoCl3_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpMoCl3 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
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set(hObject,'BackgroundColor','white');
end
function wtpZrCl4_Callback(hObject, eventdata, handles)
% hObject
handle to wtpZrCl4 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpZrCl4 as
text
%
str2double(get(hObject,'String')) returns contents of
wtpZrCl4 as a double
% --- Executes during object creation, after setting all
properties.
function wtpZrCl4_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpZrCl4 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function wtpFeCl2_Callback(hObject, eventdata, handles)
% hObject
handle to wtpFeCl2 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpFeCl2 as
text
%
str2double(get(hObject,'String')) returns contents of
wtpFeCl2 as a double
% --- Executes during object creation, after setting all
properties.
function wtpFeCl2_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpFeCl2 (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function wtpLiCl_Callback(hObject, eventdata, handles)
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% hObject
handle to wtpLiCl (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpLiCl as
text
%
str2double(get(hObject,'String')) returns contents of
wtpLiCl as a double
% --- Executes during object creation, after setting all
properties.
function wtpLiCl_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpLiCl (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function wtpKCl_Callback(hObject, eventdata, handles)
% hObject
handle to wtpKCl (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of wtpKCl as text
%
str2double(get(hObject,'String')) returns contents of
wtpKCl as a double
% --- Executes during object creation, after setting all
properties.
function wtpKCl_CreateFcn(hObject, eventdata, handles)
% hObject
handle to wtpKCl (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_ANum_Callback(hObject, eventdata, handles)
% hObject
handle to box_ANum (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
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% Hints: get(hObject,'String') returns contents of box_ANum as
text
%
str2double(get(hObject,'String')) returns contents of
box_ANum as a double
% --- Executes during object creation, after setting all
properties.
function box_ANum_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_ANum (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_CNum_Callback(hObject, eventdata, handles)
% hObject
handle to box_CNum (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_CNum as
text
%
str2double(get(hObject,'String')) returns contents of
box_CNum as a double
% --- Executes during object creation, after setting all
properties.
function box_CNum_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_CNum (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Cdiam_Callback(hObject, eventdata, handles)
% hObject
handle to box_Cdiam (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Cdiam as
text
%
str2double(get(hObject,'String')) returns contents of
box_Cdiam as a double
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% --- Executes during object creation, after setting all
properties.
function box_Cdiam_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Cdiam (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Clength_Callback(hObject, eventdata, handles)
% hObject
handle to box_Clength (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Clength as
text
%
str2double(get(hObject,'String')) returns contents of
box_Clength as a double
% --- Executes during object creation, after setting all
properties.
function box_Clength_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Clength (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Alength_Callback(hObject, eventdata, handles)
% hObject
handle to box_Alength (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Alength as
text
%
str2double(get(hObject,'String')) returns contents of
box_Alength as a double
% --- Executes during object creation, after setting all
properties.
function box_Alength_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Alength (see GCBO)
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% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Awidth_Callback(hObject, eventdata, handles)
% hObject
handle to box_Awidth (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Awidth as
text
%
str2double(get(hObject,'String')) returns contents of
box_Awidth as a double
% --- Executes during object creation, after setting all
properties.
function box_Awidth_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Awidth (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_AThick_Callback(hObject, eventdata, handles)
% hObject
handle to box_AThick (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_AThick as
text
%
str2double(get(hObject,'String')) returns contents of
box_AThick as a double
% --- Executes during object creation, after setting all
properties.
function box_AThick_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_AThick (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
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% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Theight_Callback(hObject, eventdata, handles)
% hObject
handle to box_Theight (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Theight as
text
%
str2double(get(hObject,'String')) returns contents of
box_Theight as a double
% --- Executes during object creation, after setting all
properties.
function box_Theight_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Theight (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Tdiam_Callback(hObject, eventdata, handles)
% hObject
handle to box_Tdiam (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Tdiam as
text
%
str2double(get(hObject,'String')) returns contents of
box_Tdiam as a double
% --- Executes during object creation, after setting all
properties.
function box_Tdiam_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Tdiam (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
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set(hObject,'BackgroundColor','white');
end
function box_Saltheight_Callback(hObject, eventdata, handles)
% hObject
handle to box_Saltheight (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Saltheight
as text
%
str2double(get(hObject,'String')) returns contents of
box_Saltheight as a double
% --- Executes during object creation, after setting all
properties.
function box_Saltheight_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Saltheight (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_T_Callback(hObject, eventdata, handles)
% hObject
handle to box_T (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_T as text
%
str2double(get(hObject,'String')) returns contents of
box_T as a double
% --- Executes during object creation, after setting all
properties.
function box_T_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_T (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_L_Callback(hObject, eventdata, handles)
% hObject
handle to box_L (see GCBO)
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% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_L as text
%
str2double(get(hObject,'String')) returns contents of
box_L as a double
% --- Executes during object creation, after setting all
properties.
function box_L_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_L (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_filename_Callback(hObject, eventdata, handles)
% hObject
handle to box_filename (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_filename
as text
%
str2double(get(hObject,'String')) returns contents of
box_filename as a double
% --- Executes during object creation, after setting all
properties.
function box_filename_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_filename (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_AfuelKg_Callback(hObject, eventdata, handles)
% hObject
handle to box_AfuelKg (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_AfuelKg as
text
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%
str2double(get(hObject,'String')) returns contents of
box_AfuelKg as a double
% --- Executes during object creation, after setting all
properties.
function box_AfuelKg_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_AfuelKg (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
function box_Rsys_Callback(hObject, eventdata, handles)
% hObject
handle to box_Rsys (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of box_Rsys as
text
%
str2double(get(hObject,'String')) returns contents of
box_Rsys as a double
% --- Executes during object creation, after setting all
properties.
function box_Rsys_CreateFcn(hObject, eventdata, handles)
% hObject
handle to box_Rsys (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% --- Executes on button press in button_Calculate.
function button_Calculate_Callback(hObject, eventdata, handles)
% hObject
handle to button_Calculate (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles
structure with handles and user data (see GUIDATA)
button_state=get(handles.button_Calculate,'value');
if button_state==get(handles.button_Calculate,'Max')
% Retrieve Electrorefiner Dimensions %
Cdiam=str2double(get(handles.box_Cdiam,'string'));
if isnan(Cdiam)
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errordlg('Please Enter a numeric value in Cathode
Diameter','Bad Input','modal')
end
Clength=str2double(get(handles.box_Clength,'string'));
if isnan(Clength)
errordlg('Please Enter a numeric value in Cathode
Length','Bad Input','modal')
end
CNum=str2double(get(handles.box_CNum,'string'));
if isnan(CNum)
errordlg('Please Enter a numeric value in # of
Cathodes','Bad Input','modal')
end
ANum=str2double(get(handles.box_ANum,'string'));
if isnan(ANum)
errordlg('Please Enter a numeric value in Number of
Anodes','Bad Input','modal')
end
Alength=str2double(get(handles.box_Alength,'string'));
if isnan(Alength)
errordlg('Please Enter a numeric value in Anode
Length','Bad Input','modal')
end
AThick=str2double(get(handles.box_AThick,'string'));
if isnan(AThick)
errordlg('Please Enter a numeric value in Anode
Thickness','Bad Input','modal')
end
Awidth=str2double(get(handles.box_Awidth,'string'));
if isnan(Awidth)
errordlg('Please Enter a numeric value in Anode
width','Bad Input','modal')
end
Theight=str2double(get(handles.box_Theight,'string'));
if isnan(Theight)
errordlg('Please Enter a numeric value in Tank
Height','Bad Input','modal')
end
Tdiam=str2double(get(handles.box_Tdiam,'string'));
if isnan(Tdiam)
errordlg('Please Enter a numeric value in Tank
Diameter','Bad Input','modal')
end
Saltheight=str2double(get(handles.box_Saltheight,'string'));
if isnan(Saltheight)
errordlg('Please Enter a numeric value in Salt
Height','Bad Input','modal')
end
Rsys=str2double(get(handles.box_Rsys,'string'));
if isnan(Rsys)
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errordlg('Please Enter a numeric value in System
Resistance','Bad Input','modal')
end
T=str2double(get(handles.box_T,'string'));
if isnan(T)
errordlg('Please Enter a numeric value in
Temperature','Bad Input','modal')
end
%Retrieve Composition Data%
MassFuel=str2double(get(handles.box_MassFuel,'string'));
if isnan(MassFuel)
errordlg('Please Enter a numeric value in Mass of
Fuel','Bad Input','modal')
end
AfuelKg=str2double(get(handles.box_AfuelKg,'string'));
if isnan(AfuelKg)
errordlg('Please enter a numeric value in Fuel Area','Bad
Input','modal')
end
wtpKi=str2double(get(handles.box_wtpKi,'string'));
if isnan(wtpKi)
errordlg('Please Enter a numeric value in wt. % K','Bad
Input','modal')
end
wtpUi=str2double(get(handles.box_wtpUi,'string'));
if isnan(wtpUi)
errordlg('Please Enter a numeric value in wt. % U','Bad
Input','modal')
end
wtpMoi=str2double(get(handles.box_wtpMoi,'string'));
if isnan(wtpMoi)
errordlg('Please Enter a numeric value in wt. % Mo','Bad
Input','modal')
end
wtpZri=str2double(get(handles.box_wtpZri,'string'));
if isnan(wtpZri)
errordlg('Please Enter a numeric value in wt. % Zr','Bad
Input','modal')
end
wtpFei=str2double(get(handles.box_wtpFei,'string'));
if isnan(wtpFei)
errordlg('Please Enter a numeric value in wt. % Fe','Bad
Input','modal')
end
wtpLii=str2double(get(handles.box_wtpLii,'string'));
if isnan(wtpLii)
errordlg('Please Enter a numeric value in wt. % Li','Bad
Input','modal')
end
wtpKCli=str2double(get(handles.wtpKCl,'string'));
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if isnan(wtpKCli)
errordlg('Please Enter a numeric value in wt. % KCl','Bad
Input','modal')
end
wtpLiCli=str2double(get(handles.wtpLiCl,'string'));
if isnan(wtpLiCli)
errordlg('Please Enter a numeric value in wt. %
LiCl','Bad Input','modal')
end
wtpUCl3i=str2double(get(handles.wtpUCl3,'string'));
if isnan(wtpUCl3i)
errordlg('Please Enter a numeric value in wt. %
UCl3','Bad Input','modal')
end
wtpMoCl3i=str2double(get(handles.wtpMoCl3,'string'));
if isnan(wtpMoCl3i)
errordlg('Please Enter a numeric value in wt. %
MoCl3','Bad Input','modal')
end
wtpZrCl4i=str2double(get(handles.wtpZrCl4,'string'));
if isnan(wtpZrCl4i)
errordlg('Please Enter a numeric value in wt. %
ZrCl4','Bad Input','modal')
end
wtpFeCl2i=str2double(get(handles.wtpFeCl2,'string'));
if isnan(wtpFeCl2i)
errordlg('Please Enter a numeric value in wt. %
FeCl2','Bad Input','modal')
end
stop=str2double(get(handles.box_Stop,'string'));
if isnan(stop)
errordlg('Please enter a numeric value for the stop
point','string')
end
filename=get(handles.box_filename,'string');
end
%ELEMENTAL COMPONENT PROPERTY LIBRARY [U, Mo, Zr, Fe, Li, K]
MW=[238.0289,95.94,91.224,55.845,6.941,39.0983];%[g/mol]
rho=[19.1,10.3,6.511,7.874,1.56,1.56];%density of the solid
elements[g/mL]
n=[3,3,4,2,1,1];% ionic species charge
ui=[2.26E-13,1E-13,1.76E-13,1E-13,3E-13,3.8E-13]; % ionic
mobility [m^2 mol /J*s]
%CHLORIDE PROPERTY LIBRARY [UCl3, MoCl3, ZrCl4,, FeCl2 LiCl,
KCl]
MWCl=[238.0289+(3*35.453),95.94+(3*35.453),91.224+(4*35.453),55.8
45+(2*35.453),42.3937,74.551];%[g/mol]
Eoag=[-1.44,-0.02,-1.23,-0.22,-2.82,-2.7];% Standard
potential benchmarked against Ag/AgCl %[V]
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EoU=[0,Eoag(2)-Eoag(1), Eoag(3)-Eoag(1),Eoag(4)Eoag(1),Eoag(5)-Eoag(1),Eoag(6)-Eoag(1)];% Standard Potential
benchmarked against Ag/AgCl [V]
rhos=1.56;% Kg/L
D=[1.45*10^-9,1.45*10^-9,1.45*10^-9,1.45*10^-9,1.45*10^9,1.45*10^-9];% m^2/s
% Fitted Parameters
k=.001;
alpha=[0.11,0.145,0.145,0.145,0.145,0.145];% Uranium value at
650, assumed a constant value for other species based on Zr from
Gosh
for j=1:1:6,
beta(j)=(8.314)*(T+273)/(n(j)*96485*alpha(j));
end
io=[2290,1,1.86,1,1,1]; % Uranium value at 650, assumed a
constant value for other species based on Zr from Gosh (amps/m^2)
delta=.00002;% m
% Calculations required before simulation %
Aci=CNum*(Clength*(2*pi()*(Cdiam/2)));%m^2
Vs=pi()*((Tdiam/2)^2)*Saltheight;% m^3
KgUi=(wtpUi/100)*MassFuel; % kg
KgMoi=(wtpMoi/100)*MassFuel;% kg
KgZri=(wtpZri/100)*MassFuel; % Kg
KgFei=(wtpFei/100)*MassFuel; % Kg
KgKi=(wtpKi/100)*MassFuel;% Kg
KgLii=(wtpLii/100)*MassFuel; %Kg
FuelWeightsi=[KgUi,KgMoi,KgZri,KgFei,KgLii,KgKi];% Kg
MoleFueli=(FuelWeightsi./(MW/1000));% moles
Afueli=AfuelKg*MassFuel;% m^2
WTPsalt=[wtpUCl3i,wtpMoCl3i,wtpZrCl4i,wtpFeCl2i,wtpLiCli,wtpKCli]
;
for j=1:6,
WTSalt(j)=(rhos*Vs*1000).*(WTPsalt(j)./100); % Kg
MoleSalt(j)=(WTSalt(j)./(MWCl(j)/1000)); % moles
ConcBulk(j)=MoleSalt(j)./(Vs);%mol/m^3
Vfueli(j)=FuelWeightsi(j)./(rho(j).*1000);% m^3
Vm(1,j)=(MW(j)./rho(j))/(1000*1000); %m^3/mol
Ca(1,j)=ConcBulk(j);
Cc(1,j)=ConcBulk(j);
end
F=96485;% C/mol
R=8.314; % j/molK
Aa(1)=Afueli; % m^2
Ac(1)=Aci; % m^2
Nfuel(1,1:6)=MoleFueli;% moles
Np(1,1:6)=[0 0 0 0 0 0];% moles
% Create Open Arrays for filling
ic=zeros(50000,6);
ia=zeros(50000,6);
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Eic=zeros(1000,6);
Eia=zeros(1000,6);
Charge(1,1)=0;
% GET OPERATION MODE:
if get(handles.button_currentcontrol,'Value') ==
get(handles.button_currentcontrol,'Max'),
Isupplieda(1)=str2double(get(handles.box_initial,'string'));
%amps
VLim=str2double(get(handles.box_limit,'string')); % Volts
iStep=str2double(get(handles.box_step,'string')); % amps
isupplied(1)=Isupplieda(1)/ Aa(1); %amps/m^2
opmode = 'current';
elseif get(handles.button_voltagecontrol,'Value') ==
get(handles.button_voltagecontrol,'Max'),
vsupplied(1)=str2double(get(handles.box_initial,'string'));
%volts
iLim=str2double(get(handles.box_limit,'string')); %amps
VStep=str2double(get(handles.box_step,'string')); %volts
opmode = 'voltage';
else
error('GUItrial2:OPTIONMODE','Unknown Option Mode - this
won''t ever happen though!');
end
% GET STOP MODE:
if get(handles.button_chargestop,'Value') ==
get(handles.button_chargestop,'Max'),
StopMode = 'Charge';
elseif get(handles.button_timestop,'Value') ==
get(handles.button_timestop,'Max'),
StopMode = 'Time';
else
error('GUItrial2:OPTIONMODE','Unknown Option Mode ');
%this shouldn't ever happen though!
end
% Start Operation Loop
if StopMode=='Charge',
for t=1:stop % complete the following over each interval of
one Coulomb
Charge(t)=t;% Amphours
Ra(t)=Aa(t)/Ac(t);
% Calculations for Uranium Polarization Curves
for j=1
for V=1:1:2000, %calculate Cathodic polarization
between -0.5V (V=1) to -0.001V (V=500)
ip(V,j)=-io(j)*exp(-alpha(j)*n(j)*F*(((V2000)/1000)-EoU(j))/(R*(T)))*(Ra(t)); % using simple Tafel
Behavior A/m2
end
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for V=2001:1:4001 % calculate Anodic Polarization
between 0V (V=501) and 0.5V (V=1001)
if T<899, %calculate Mixed Polarization Parameters if
Film is a factor (low Temp.)
A=-0.0192*(T-273)+10.882; %A/cm2 %%Region 1
is a lead up to current reduction #1
B=0.6055*(T-273)-239.23; %A/cm2
C=0.0008*T+0.0377;
ip(V,j)=(A*exp(C*n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))+B*(1-exp(-n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))))*(100^2); %A/m2
Cd=zeros(4001,1);
Cd(V)=Cd(V-1)+ip(V,j)*t; %C/cm2
Cd1=2E7*exp(-0.032*(T-273));
Cd2=9.4131*exp(0.0051*(T-273));
Cd4=2699.3*exp(-0.005*(T-273));
if Cd(V-1)>Cd1 &&Cd(V-1)<Cd2, % region 2 is a lead
up to Current Reduction #2
A=0.1804*(T-273)-57.458; %A/cm2
B=-0.024*(T-273)+12.886; %A/cm2
C=-0.0021*(T-273)+1.429;
ip(V,j)=(A*exp(C*n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))+B*(1-exp(n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))))*(100^2);% A/m2
Cd(V)=Cd(V-1)+(ip(V,j)/(100^2))*t; %C/cm2
elseif Cd(V-1)>Cd2 && Cd(V-1)<Cd4,% region 3 is a
flat passive Region
ip(V,j)=ip(V-1,j); %A/cm2
Cd(V)=Cd(V-1)+(ip(V,j)/(100^2))*t; %C/cm2
elseif Cd(V-1)>Cd4 % Region 4 returns to Active
Behavior
A=0.1543*(T-273)-32.13;%A/cm2
B=0;%A/cm2
C=0.0008*(T-273)-0.2203;
ip(V,j)=(A*exp(C*n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))+B*(1-exp(n(j)*F*(((V-2000)/1000)EoU(j))/(R*(T)))))*(100^2);% A/m2
Cd(V)=Cd(V-1)+(ip(V,j)/(100^2))*t; %C/cm2
else
end
else % calculate Polarization when film is not an
issue
ip(V,j)=(15*(((V-2000)/1000)EoU(j))+.0228)*(100^2); %A/m2
end
end
end
%Calculations for Other Species Polarization Curves
for j=2:1:6
% define limiting current density for each species except uranium
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iL(j)=10000*D(j)*n(j)*F*ConcBulk(j)/delta; % amps/m^2
or 0.1mA/cm2
iL(j)=round(iL(j)); % round limiting current denisty
to a whole number in A/m2
Vst(j)=EoU(j)*1000+2000;% calculate the standard
potential of each species in units of V( normalized millivolts)
if Vst(j)<1, % if the standard potential for a
species is below the overpotential range (-0.5 to 0.5V), it will
not dissolve and therefore cannot deposit
ip(V,j)=0;
elseif Vst(j)>4001, % if the standard potential for a
species is outside of the potential range it will not deposit or
dissolve
ip(V,j)=0;
else
%calculate Cathodic polarization between -0.5V and the standard
potential
for V=1:1:round(Vst(j))
if MoleSalt(j)==0,% if the species is not present
in the salt it cannot deposit
ip(V,j)=0;
else
ip(V,j)=(io(j)*exp(alpha(j)*n(j)*F*(((V2000)/1000)-EoU(j))/(R*(T)))+iL(j)*(1-exp(n(j)*F*(((V2000)/1000)-EoU(j))/(R*(T)))))*Ra(t);
end
end
% calculate the Anodic Polarization between the standard
potential and .5V
for V=round(Vst(j))+1:1:4001,
if Nfuel(j)==0; % no dissolution can occur if no
material is present
ip(V,j)=0;
elseif Aa(t)==0;% if the electrode surface is
gone so is the electrode
ip(V,j)=0;
else
ip(V,j)=io(j)*exp(alpha(j)*n(j)*F*(((V2000)/1000)-EoU(j))/(R*(T)));
end
end
end
end
% sum the overpotential-current density lines for the cell
icell=sum(ip,2);%A/m2
logicell=log10(abs(icell)); % takes the logarithm of the
curve to produce Overpotential-Log(id) curves
% find the corrosion potential and current
[Corri,I]=min(logicell); % finds the minimum value of
logicell and returns the value and its position
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icorr(t)=10^(Corri); %A/m2
Ecorr(t)=(I-2000)/1000; %volts
% calculate the electrode voltages and current densities based on
input mode
if opmode=='current';
b=isupplied(t)+icorr(t);
logicellb=round(1000.*logicell);% multiplies logicell
by 1000 and rounds to whole numbers for comparusion with supplied
current
logmatchb=round(1000*log10(b)); % takes the logarithm
of the supplied (+icorr) current and multiplies and rounds it to
match the logicellb
difference=abs(logmatchb-logicellb);% finds the
difference between applied current and the cell line
[~,Vminc]=min(difference(1:I));% finds the location
and value in the cathodic region where isupplied matches the cell
current
[~,Vmina]=min(difference(I:4001));% finds the
location and value in the anodic region where isupplied matches
the cell current
Ec(t)=((Vminc)-2000)/1000; %volts
Ea(t)=((Vmina+I)-2000)/1000; %volts
Ecell(t)=Ea(t)-Ec(t); %volts
elseif opmode=='voltage';
end
for j=1:1:6,
% evaluate the partial currents for each rxn based on electrode
voltages
ipa(t,j)=ip((1000*Ea(t)+2000),j)/(Ra(t)/Ac(t)); %A/m2
ipc(t,j)=ip((1000*Ec(t)+2000),j)/Ra(t); %A/m2
% Calculate the rates of dissolution and deposition
ra(t,j)=0.15*ipa(t,j)/(n(j)*F); % moles/ m^2*s
rc(t,j)=0.00015*ipc(t,j)/(n(j)*F); % moles/ m^2*s
% Calculate flux to and from the diffusion layer
Ja(t,j)=(-n(j)*ui(j)*F*ConcBulk(j)*(Ea(t)-Ec(t))) D(j)*(Ca(t,j)-ConcBulk(j)); % mol/m*S
Jc(t,j)=(-n(j)*ui(j)*F*ConcBulk(j)*(Ea(t)-Ec(t))) D(j)*(Cc(t,j)-ConcBulk(j)); % mol/m*s
% Calculate Surface Concentration of each ion
time(t)=(Charge(t))/(isupplied(t)*Aa(t));
Ca(t+1,j)=((ra(t,j)/delta)(Ja(t,j)/(Aa(t))))*time(t);
if Ca(t+1,j)<0,
Ca(t+1,j)=0;
else
end
Cc(t+1,j)=((rc(t,j)/delta)-(Jc(t,j)/Ac(t)))*time(t);
if Cc(t+1,j)<0,
Cc(t+1,j)=0;
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else
end
% calculate total electrode material loss or gain
Nfuel(t+1,j)=Nfuel(t,j)-(ra(t,j)*(Aa(t))*(time(t)));
%moles
if Ec(t)>0,
Np(t+1,j)=Np(t,j)+(rc(t,j)*(Ac(t)*(time(t)))); %moles
else
Np(t+1,j)=Np(t,j)-(rc(t,j)*(Ac(t)*(time(t))));
%moles
end
if Nfuel(t+1,j)<0,
Nfuel(t+1,j)=0;
end
if Np(t+1,j)<0,
Np(t+1,j)=0;
elseif Np(t+1,j)> Nfuel(1,j),
Np(t+1,j)=Np(t,j);
end
MfuelT(t+1)=sum(Nfuel(t,:));
MprodT(t+1)=sum(Np(t,:));
% Calculate corresponding loss/gain in area
Acc(t,j)=((abs(ipc(t,j))*Vm(j)*Clength*CNum*Ra(t))/(n(j)*F)); %
Shibuta's formula for cathodic area change in dendrites (m^2)
Aaa(t,j)=((abs(ipa(t,j))*Vm(j)*Aa(t)/delta)/(n(j)*F));
end
Ac(t+1)=((Ac(t)+sum(Acc(t,:))));
if Ac(t+1)<0,
Ac(t+1)=0;
end
Aa(t+1)=(Aa(t)-sum(Aaa(t,:))); % Choi's correlation
for anodic area (m^2)
if Aa(t+1)<0,
Aa(t+1)=0;
end
% update some constants for the new cell conditions
%
for j=1:6
%
epsilon(t,j)=Cc(t,j)/ConcBulk(j);% mol j/mol all
(unitless)
%
Vm(t+1,j)= ((MW(j)*10^6)/(rhos*(1epsilon(t,j))+rho(j)*(epsilon(t,j))))/(1000*1000); % m^3/mol
%
if isnan(Vm(t+1,j)),
%
Vm(t+1,j)=Vm(t,j);
%
end
%
end
% adjust operating parameters for the next time loop
if strcmp(opmode,'current')==1,
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if (Ecell(t))>VLim, %volts
if (isupplied(t)*Aa(t))<iStep,% amps
break
else
Isupplieda(t+1)=Isupplieda(t)-iStep;% amps
end
else
Isupplieda(t+1)=Isupplieda(t); % amps
end
isupplied(t+1)=Isupplieda(t+1)/Aa(t+1); % amps/m^2
elseif strcmp(opmode,'voltage')==1,
if (isupplied(t)*Aa(t))>=iLim, %amps
if vsupplied(t)<=VStep, %volts
break
else
vsupplied(t+1)=vsupplied(t)-VStep;% volts
end
else
vsupplied(t+1)=vsupplied(t); % volts
end
end
end
end
if strcmp(StopMode, 'Charge')==1,
t=Charge;
plot(handles.axes1,t,ipa(:,1),t,ipa(:,2),t,ipa(:,3))
legend(handles.axes1,'uranium','molybdenum','zirconium')
title(handles.axes1,'Anodic Partial Currents')
ylabel(handles.axes1,'Current Denisty (A/m^2)')
plot(handles.axes2,t,Ec(:),t,Ea(:))
legend(handles.axes2,'Cathodic','Anodic')
title(handles.axes2, 'Electrode Potentials')
ylabel(handles.axes2,'Potential (Volts)')
plot(handles.axes3,Nfuel(:,1))
title(handles.axes3,'Uranium left in Fuel')
ylabel(handles.axes3,'Remaining Fuel Amount (moles)')
plot(handles.axes4,Cc(:,1))
title(handles.axes4,'Cathode Surface Concentration')
ylabel(handles.axes4,'Concentration (mol/m^3)')
plot(handles.axes5, Ca(:,1))
title(handles.axes5,'Anode Surface concentration (U)')
ylabel(handles.axes5,'Concentration (mol/m^3)')
plot(handles.axes6,Np(:,1))
title(handles.axes6,'Amount of Deposit')
ylabel(handles.axes6,'Deposit amount (Moles)')
xlabel(handles.axes1,'Charge (Amphours)')
xlabel(handles.axes2,'Charge (Amphours)')
xlabel(handles.axes3,'Charge (Amphours)')
xlabel(handles.axes4,'Charge (Amphours)')
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xlabel(handles.axes5,'Charge (Amphours)')
xlabel(handles.axes6,'Charge (Amphours)')
elseif strcmp(StopMode,'Time')==1,
t=time;
plot(handles.axes1,t,ipa(:,1),t,ipa(:,2),t,ipa(:,3))
legend(handles.axes1,'uranium','molybdenum','zirconium')
title(handles.axes1,'Anodic Partial Currents')
ylabel(handles.axes1,'Current Denisty (A/m^2)')
plot(handles.axes2,t,Ec(:),t,Ea(:))
legend(handles.axes2,'Cathodic','Anodic')
title(handles.axes2, 'Electrode Potentials')
ylabel(handles.axes2,'Potential (Volts)')
plot(handles.axes3,Nfuel(:,1))
title(handles.axes3,'Uranium left in Fuel')
ylabel(handles.axes3,'Remaining Fuel Amount (moles)')
plot(handles.axes4,Cc(:,1))
title(handles.axes4,'Cathode Surface Concentration')
ylabel(handles.axes4,'Concentration (mol/m^3)')
plot(handles.axes5, Ca(:,1))
title(handles.axes5,'Anode Surface concentration (U)')
ylabel(handles.axes5,'Concentration (mol/m^3)')
plot(handles.axes6,Np(:,1))
title(handles.axes6,'Amount of Deposit')
ylabel(handles.axes6,'Deposit amount (Moles)')
xlabel(handles.axes1,'Time (sec.)')
xlabel(handles.axes2,'Time (sec.)')
xlabel(handles.axes3,'Time (sec.)')
xlabel(handles.axes4,'Time (sec.)')
xlabel(handles.axes5,'Time (sec.)')
xlabel(handles.axes6,'Time (sec.)')
end
%send data to file
a1=[{'time(sec)'},{'charge(Ah)'},{'Ecorr(V)'},{'icorr(A/m^2)'},{'
Ea(V)'},{'Ec(V)'},{'icell(A/m^2)'},{'Aa(m^2)'},{'Ac(m^2)'}];
[a,b]=size(time);
a2=[time.',Charge.',Ecorr.',icorr.',Ea.',Ec.',isupplied(1:b).',Aa
(1:b).',Ac(1:b).'];
xlswrite('ThesisModel10114f.xls',a1,'ER','A1')
xlswrite('ThesisModel10114f.xls',a2,'ER','A2')
b1=[{'j=1'},{'U'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2)
'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
b2=[ipa(:,1),ipc(:,1),Ca(1:b,1),Cc(1:b,1),Nfuel(1:b,1),Np(1:b,1)]
;
xlswrite('ThesisModel10114f.xls',b1,'SpeciesData','A1')
xlswrite('ThesisModel10114f.xls',b2,'SpeciesData','A3')
c1=[{'j=2'},{'Mo'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2
)'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
c2=[ipa(:,2),ipc(:,2),Ca(1:b,2),Cc(1:b,2),Nfuel(1:b,2),Np(1:b,2)]
;
xlswrite('ThesisModel10114f.xls',c1,'SpeciesData','G1')
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xlswrite('ThesisModel10114f.xls',c2,'SpeciesData','G3')
d1=[{'j=3'},{'Zr'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2
)'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
d2=[ipa(:,3),ipc(:,3),Ca(1:b,3),Cc(1:b,3),Nfuel(1:b,3),Np(1:b,3)]
;
xlswrite('ThesisModel10114f.xls',d1,'SpeciesData','M1')
xlswrite('ThesisModel10114f.xls',d2,'SpeciesData','M3')
e1=[{'j=4'},{'Fe'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2
)'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
e2=[ipa(:,4),ipc(:,4),Ca(1:b,4),Cc(1:b,4),Nfuel(1:b,4),Np(1:b,4)]
;
xlswrite('ThesisModel10114f.xls',e1,'SpeciesData','S1')
xlswrite('ThesisModel10114f.xls',e2,'SpeciesData','S3')
f1=[{'j=5'},{'Li'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2
)'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
f2=[ipa(:,5),ipc(:,5),Ca(1:b,5),Cc(1:b,5),Nfuel(1:b,5),Np(1:b,5)]
;
xlswrite('ThesisModel10114f.xls',f1,'SpeciesData','Y1')
xlswrite('ThesisModel10114f.xls',f2,'SpeciesData','Y3')
g1=[{'j=6'},{'K'},{''},{''},{''},{''};{'ipa(A/m^2)'},{'ipc(A/m^2)
'},{'Ca(mol/m^3)'},{'Cc(mol/m^3)'},{'Nf(mol)'},{'Np(mol)'}];
g2=[ipa(:,6),ipc(:,6),Ca(1:b,6),Cc(1:b,6),Nfuel(1:b,6),Np(1:b,6)]
;
xlswrite('ThesisModel10114f.xls',g1,'SpeciesData','AE1')
xlswrite('ThesisModel10114f.xls',g2,'SpeciesData','AE3')
disp('finished')
%
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